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SUMMARY AND CONCLUSIONS
An extensive literature review was conducted (1) to estimate the
frequency
and
extent
of
wind—induced
resuspension
in
the U.S.
Great
Lakes
nearshore zones and (2) to identify nearshore areas of the U.S. Great Lakes
where—-during certain times of the year--sediment characteristics and wind/wave
conditions are especially conducive to resuspension of bottom sediments.
Two
major areas of literature search and information synthesis were explored:
a. wind and wave characteristics and b. the properties of nearshore surficial
sediments in the U.S. Great Lakes. Additionally, limited information on
critical velocities and entrainment rates of sediments was evaluated.
The approach of this study to determine frequency and extent of sediment
resuspension was to utilize wave height and wave period data to calculate
wave orbital velcities.
Wave height data collected over a 10—year period by
observers on Great Lakes vessels (SSMO, 1975) were coupled with wave period
data obtained through wave-hindcasting techniques (Resio and Vincent, 1976—
1978).
Other sources of wave
data wereconsidered but they were either judged
incomplete because only some of the Great Lakes were covered or data were
available but were in such a raw form that extensive computer time was requir—
ed to synthesize them before they could be used.
Such a computer effort was
beyond the resources of this project.
The annual frequency of sediment reSuspension (days/year) was obtained
by summation of the annual wave frequencies for specific wave height classes
that produce orbital velocities higher than 5 cm/sec at a depth of 18 m
(N 60 ft) in the nearshore zone.
These orbital velocities were then related
to entrainment rates of clayey and sandy sediments collected in the U.S.
nearshore areas of Lake Erie to estimate annual sediment resuspension.
Entrainment rates for the Lake Erie Central Basin sandy sediment were used
for all the lakes except the Western Basin of Lake Erie which has clayey
sediment.
This assumption seemed to be valid because the nearshore sediments
of the U.S. Great Lakes are primarily sandy.
Regional differences in annual
frequency and quantity of resuspension are evident both among and within each
of the Great Lakes.
The magnitude of sediment resuspension is related closely
to the frequency (days/year) of occurrence of wind-generated waves strong
enOugh to resuspend bottom sediments.
Sediment type has a strong influence
\
on resuspension as demonstrated by studies in Lake Erie.
Larger amounts of
sediment are resuspended in the western segments of Lake Erie than in the
central and eastern segments of the nearshore zone of the lake despite the
greater number of days that resuspension could occur in the latter segments
based on hydrodynamic considerations.
Fine sediments predominate in the
Western Basin of Lake Erie.
A comparison of predicted quantities (this study) of sediment resuspen-
sion with limited field—observed data indicates that despite the numerous
  
 assumptions and uncertainties in making the predictions, calculated values,
although higher, are in the same order of magnitude as the observed data.
Underestimation is possible for the observed values because data were obtained
following, rather than during, wind events. In contrast, a possibility exists
that the predicted values are overestimated since lateral movement of sediments
and the potential effect of ice cover were not considered. Values presented
on an annual basis may include sediments resuspended more than once.
Based on the annual frequency and quantity of sediment resuspension, the
susceptibility of nearshore areas in each lake was delinated. The ranking of
nearshore zones by the quantity of sediment resuspended correlates closely
with the ranking obtained by resuspension frequency for Lakes Michigan and
Ontario. The eastern nearshore areas of Lake Ontario and the eastern and
southern nearshore areas of Lake Michigan have high sediment resuspension
potential. The ranking of Lake Erie nearshore zones by the quantity of
resuspended sediment results in a reverse order to that generated by ranking
according to resuspension frequency. High resuspension areas in Lake Erie
exist in the Western Basin mainly due to the predominance of fine sediments.
A moderate correlation exists between rankingby sediment quantity and ranking
by resuspension frequency for Lake Huron nearshore zones. By either ranking
scheme, the Saginaw Bay and St. Clair River segments of Lake Huron's nearshore
zone are susceptible areas. High resuspension areas in Lake Superior are the
east central, east and west central segments of the nearshore zones. Possible
susceptible areas include the west, Duluth-Superior, and‘Whitefish Bay segments
of the lake.
It is important to consider the quality of nearshore sediment when
designating critical areas. Using this criterion, critical areas in the U.S.
Great Lakes nearshore zones are identified as Saginaw Bay (Lake Huron), the
Western Basin of Lake Erie, the southern segment of Lake Michigan, and the
Duluth-Superior and northern segments of Lake Superior. According to our
estimates, large quantities of sediment are not resuspended in the northern
zones of Lake Superior, however, this zone encompasses Silver Bay where
taconite tailings are discharged. Obviously, resuspension of polluted bottom
sediments will have a far greater impact on water quality than the resuspension
of uncontaminated sediment.
It is important to remember that the predicted sediment resuspension
reported iS only a first aPPrOXimatiOH and extrapolation is only useful if
further studies are conducted to verify (or disprove) these estimates.
RECOMMENDATIONS
Based
on
the
findings
of
this
literature
review,
the
following
research
needs have been identified:
1.
A
significant
improvement
in
the
overall
quality
of
data
on
Great
Lakes
waves
is
needed
which
could
be
achieved
by:
a.
Installation
of
an
extensive
series
of
wave
monitoring
devices
along
the
entire
shoreline
of
the
Lakes,
or
b.
Implementation
of
an
extensive
wind—wave
hindcasting
effort.
This
study
would
require
a
degree
of
effort
comparable
to
that
reported
in
the
publications
of
Resio
and
Vincent
(1976-1978).
Since
these
investigators
have
developed
adequate
wave
period—
wave
height
relationships,
we
recommend
that
additional
effort
involve
determination
of
wave
height
and
approach
direction
information
for
all
U.S.
nearshore
areas
in
the
Great
Lakes.
Wave
period
data
may
then
be
derived
from
the
period—height
relationships
established
by
Resio
and
Vincent
(1976-1978).
Additional
studies
which measure
actual
sediment
resuspension
quantities
during
wind-wave
events
are needed.
These
studies
should
include
a
description
of
wave
heights
and
periods:
water
depth,
sediment
characteristics
both
on
the
bottom and
in
sediment
traps and sediment concentration over time.
Information
on
nearshore
sediment
characteristics
on
a
lake—wide
basis
does
not
indicate
local
variations
and
a
detailed
survey
of
the
nearshore
zones
of
the
Great
Lakes
intended
to
elucidate
potential
local variations is recommended.
Only
limited
information
is
available
on
the
entrainment
rates
of
sediments
found
in
the
nearshore
zone
of
the
Great
Lakes.
Field
and
laboratory
studies
should
be
initiated
to
allow
improved
understand—
ing of the entrainment process.
To
assess
the
effect
of
sediment
resuspension
on
water
quality,
it
is
imperative
that
studies
examining
the
availability
of
nutrients
and
pollutants
ﬁﬂbm
resuspended
sediment
be
performed
using
accepted
extraction techniques.
  
 INTRODUCTION
This literature review concerns the frequency and extent of wind—induced
resuspension of bottom material in the U.S. Great Lakes nearshore waters.
It addresses an important facet of the Pollution from Land Use Activities
Reference Group (PLUARG) Task D effort. The Task D objective is to diagnose
the degree of impairment of water quality in the Great Lakes, and assess the
significance of contaminants contained in sediments, fish and other aquatic
components. Furthermore, Task D should provide supplementary information on
the amounts of materials reaching the boundary waters and should determine
the effects of these inputs on water quality so that their future significance
under alternate management schemes can be assessed.
Task D activities, in addition to this review, include an assessment of
the potential significance of shoreline erosion as a pollutant source to the
Great Lakes and an evaluation of the magnitude of tributary loadings to the
Great Lakes, together with estimates of the inputs from point and nonpoint
sources. Studies are now being concluded to determine the effects of river
inputs from land drainage on the Great Lakes. Considerable quantities of
suspended materials are transported by the tributaries to the Lakes
(Sonzogni et al., 1978). A major point of interest of the tributary studies
is to determine whether resuspension of sedimented materials is of importance
relative to other inputs of suspended material in the nearshore area. Previous
and impending reports have concluded that resuspension maybe a significant
factor affecting Great Lakes water quality and merits further attention
(Sydor, 1975; Lam and Jacquet, 1976; Sly, 1977).
The overall objective of this study is to determine the potential for
resuspension of sediments in the nearshore waters of the U.S. Great Lakes
based on available literature. No experimental work or primary data measure-
ments were involved in the project. Specific objectives are l. to identify
the nearshore areas of the U.S. Great Lakes where-—during certain times of
the year——sediment characteristics, morphology and wind conditions are
especially conduciveto resuspension of bottom materials, and 2. to estimate
the frequency and extent of wind or storm-induced sediment/water mixing of
nearshore areas and embayments.
LITERATURE REVIEW
WIND AND WAVES
Waves and Water Motion
 
Wind
is
the
primary
energy
source
for
sediment
transport
in
the
Great
Lakes
nearshore
regions.
When
wind
blows
over
water,
it
generates
waves
and
currents.
Wind-generated
waves
cause
sufficient
motion
in
the
water
column
below
the
waves
sufficient
to
move
and
resuspend
sedimentsdeposited
on
the
bottom.
To
determine
the
relationship
between
wave
parameters
and
possible
sediment
resuspension,
it
is
necessary
to
understand
water
motion
following
the
passage
of
a
wave.
For
the
purposes
of
this
discussion
the
movement
of
an
infinitesimally
small
portion
of
water
is
examined.
This
portion
of
water
is
designated
as
a
water
"particle."
Water
particles
in
a
wave
move
in
circles;
those
in
the
crest
of
a
wave
move
in
the
direction
of
wave
advance
and
those
in
the
trough
move
in
the
opposite
direction.
Before
returning
to
its
original
position
each
water
particle
at
the
surface
traces
a
circular
orbit,
the
diameter
of
which
is
equal
to
the
height
of
the
passing
wave.
The
passage
of
a
wave
sets
into
motion
water
particles
which
are
much
deeper
than
a
depth
equivalent
to
the
wave
height.
These
deeper
water
particles
describe
circular
orbits
whose
diameters
decrease
with
increasing
water
depth.
In
addition,
particle
orbits
become
slightly
flattened
with
increasing
depth,
and,
at
the
limit
of
wave
influence,
water
particles
no
longer
describe
a
circle
or
elipse
but
rather
move
backand
forth
in
a
straight
line,
From
wave
measurements
and
theoretical
considerations,
it
has
been
established
that
at
a
depth
of
one-ninth
of
the
wave
length
the
diameter
of
the
orbit
is
approximately
one—half
of
the
orbit
at
the
water
surface.
At
a depth equivalent
to
half
the wave
length,
wave—induced
water
motion
ceases.
This
depth
for
any
given
wave
reflectsthe
maximum
depth
at
which
wave
induced
water
motion
will
affect
sediments.
Additionally,
this
is
the
theoretical
depth
at
which
wave
characteristics,
including
height
and
wave
length,
are
affected
by
the
lake
bottom
(Bascom,
1964).
The
foregoing
discussion
introduces
the
concept
of
"deep—water"
versus
"shallow-water"
waves.
A
"shallow
water
wave"
is
one
that
travels
in
water
whose
depth
is
less
than
one-half
of
the
wave
length;
that
is,
if
the
depth
of
water
is
small
compared
to
the
wave
length,
the
bottom
effectively
alters
the
character
of
the
waves.
Such
waves
"feel
the
bottom"
and
are
affected
by
it.
As
a
wave
moves
from
deep
water
(e.g.
mid-lake)
to
shallow
water
(e.g.
the
nearshore
zone),
its
height
increases
and
its
wave
length
decreas-
es.
The
degree
to
which
these
parameters
change
has
been
described
in
the
literature
and
numerical
equations
and
tables
have
been
developed
to
predict
wave
parameters
when
a
deep-water
wave
moves
into
shallow
water
conditions
(U.S.
Army
Engineering
Research
Center,
1973).
‘
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 In general, wave height is independent of wave period and wave length.
However, an exception to this rule exists: if the wave height increases so
that it is larger than one—seventh of the wave length, the wave crest becomes
unstable and the wave tends to break. Wave period and wave length, however,
are related. Formulas exist which allowthe calculation of one of these
parameters if the other is known (U.S. Army EngineeringResearch Center,
1973). The relationship between wave length and period for shallow—water
waves differs from the relationship seen with deep—water waves. It is easy
to calculate periods from wave length or vice versa if water depth is known.
Given these relationships, it is possible to calculate orbital velocities at
a given depth if the wave height and the wave period or length are known.
These techniques are utilized to calculate orbital velocities when wave
height and wave period_data are available.
Lake sediments are subject to movement or resuspension caused by wave-
induced water motion if the sediments are within the depth range of wave
influence. The amount of sediment resuspended at any given time depends on
the velocity of the water at the sediment—water interface (which is directly
related to wave height, wave period and water depth) and sediment character-
istics including grain size and cohesiveness. Furthermore, currents and water
turbulence also are generated by wave action and these phenomena may result in
the transport of resuspended sediment to other areas. These processes, how—
ever, are poorly characterized for any given in—lake situation. For the
purposes of this report, it was decided to disregard the possible effects of
currents and turbulence on resuspension events. The discussion focuses
primarily on the orbital velocity (speed of wave—induced water movement) at
the sediment-water interface generated by waves whose vital characteristics
(including height, period, wave length and approach direction) are described
in the literature or were synthesized for this report from existing data.
General Great Lakes Climate
 
In order to understand the seasonal attributes of waves on the Great
Lakes, it is useful to review the general climate of the region. Detailed
summaries of the regional climatic characteristics have been published by the
U.S. Weather Bureau (1959) and Environment Canada (Phillips and McCulloch,
1972). Consequently, the descriptions of Great Lakes climate extracted from
these sources will be brief and will concentrate mainly on climatic aspects
relating to the generation of surface waves.
The location of the Great Lakes in the interior of the North American
continent between the contrasting source regions of polar and tropical air
masses gives the region more rapidly changing and complex weather patterns
than those of more maritime locations. The interaction of the air masses
along the polar front produces low pressure systems (cyclonic storms) which
usually move toward the Great Lakes under the influence of the general
westerly circulation. In contrast, over the oceans, areas of cyclogenesis or
storm formation generally remain in relatively fixed locations. Larger
seasonal changes in the heat and moisture characteristics of the land surface
resulting in greater modification of air mass properties as compared to the
oceans produce more variable areas of cyclogenesis over land. In addition,
the sharp contrasts between southward moving polar air and northward moving
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tropical
air
over
the
continent
produce
rapidly
deepening
low
preSSure
troughs
over
the
mid-western
U.S.
The
development
of
a
storm
of
major
proportions
sometimes
occurs
within
less
than
24
hours.
The
Great
Lakes
region
is
situated
along
a
number
of
major
storm
tracks
(Fig.
l)
with
extra—tropical
cyclones
generally
passing
from
southwest
to
northeast
through
the
area.
Storms
usually
move
along
these
paths
at
rates
of
20-35
knots
(37-65
km/hr)
although
some
of
the
most
destructive
storms
are
those
which
become
semi-stationary
and
intensify
over
the
Great
Lakes
region.
A
sampling
of
the
destructive
lake
storms
grouped
by
the
storm
tracks
shown
in
Fig.
l
is
provided
in
Table
l.
The
frequency
and
intensity
of
these
storms
is
highly
seasonal
with
the
largest
storms
usually
confined
to
the
period
from
October
to
April,
with
40%
of
the
storms
occurring
in
November.
Some
severe
Great
Lakes
StormS,especially
over
Lakes
Ontario
and
Erie,
originated
in
the
tropics.
These
storms
are
rare,
however,
and
have
usually
lost
their
tropical
characteristics
by
the
time
they
reach
the
Great
Lakes
region.
The
frequency
of
occurrence
and
strength
of
storms
of
tropical
origin
in
the
Great
Lakes
area
during
the
period
1935—1955
are
given
in
Table
2.
The
predominant
months
for
tropical
storms
are
June
through
October.
The
passage
of
a
storm
is
accompanied
generally
by
widely
varying
wind
directions
and
intensities,
leading
to
extremely
complex
wave
patterns.
Thus,
it
is
difficult
to
assess
quantitatively
the
contribution
such
extreme
wind
events
make
to
sediment
resuspension
in
the
Great
Lakes.
It
is
clear,
though,
that
maximum
resuspension
will
occur
during
extreme
wind
events.
In
view
of
the
difficulties
inherent
in
assembling
and
utilizing
wind
or
wave
data
from
individual
storms,
no
attempt
was
made
to
assess
the
degree
of
resuspension
in
any
of
the
Great
Lakes
during
isolated
storm
events.
Rather,
the
data
base
statistically
incorporated
extreme
wind—wave
events
in
the
Great
Lakes,
presented
as
the
percentage
of
the
time
during
the
year
that
a
wave
of
a
given
height
class
is
present.
Details
of
this
method
are
describ—
ed later.
 
It
is
useful
however,
to
examine
the
seasonal
pattern
of
such
extreme
wind
events
in
order
to
gain
an
insight
into
the
times
of
the
year
in
which
resuspension
is
likely
to
be
maximal.
A
monthly
summary
of
the
frequencies
of
extra—tropical
cyclones
and
anti—cyclones
(high
pressure
systems)
in
the
Great
Lakes
region
is
given
in
Fig.
2.
The
data
indicate
that
storm
frequen—
cies
are
at
a
maximum
during
the
period
November
through
April
and
at
a
minimum
in
June
and
July.
An
equally
important
parameter,
storm
intensity,
based
on
data
given
in
the
Weather
Bureau
Technical
Paper
35
(1959)
is
shown
for
three
weather
stations
(Table
3).
The
data
indicate
that
storm
intensity
reaches
a
peak
in
January
with
a
somewhat
regular
sinusoidal
variation
through—
out
the
year.
Data
reported
by
Richards
and
Phillips
(1970)
support
this
observation
of
a
general
seasonal
trend.
These
investigators
utilized
wind
data
obtained
from
land—based
weather
stations
to
calculate
(utilizing
a
predictive
mathematical
wind—wave
hindcasting
model)
the
expected
wave
heights
for
each
month
of
the
year.
The
data
in
Table
4
represent
predicted
heights
of
maximum
significant
waves
on
the
Great
Lakes
and
their
probability
of
occurrence.
It
is
evident
from
the
data
that
the
maximum
expected
wave
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MEDIAN STORM TRACKS FROM U.S. WEATHER
BUREAU TECHNICAL PAPER NO. 35
NO. AREA OF ORIGIN
1 TEXAS-NEW MEXICO REGION
CENTRAL ROCKY MOUNTAINS AND
GREAT PLAINS REGION
PACIFIC SOUTHWEST REGION
WESTERN CANADA REGION
EASTERN UNITED STATES
N
EXTRATROPICAL
C
I
t
h
TROPICAL TROPICS
FIGURE 1. MEDIAN POSITIONS OF STORM TRACKS CHARACTERIZED BY
AREA OF STORM ORIGIN. (SOURCE: U.S. WEATHER BUREAU, 1959).
TABLE 1
EXAMPLES
OF
DAMAGING
EXTRATROPICAL
STORMS
IN THE GREAT LAKES REGIONa
 
STORM DATES
WINDS AND REMARKS
Texas
and
New
Mexico
(Storm
Track
No.
1
in
Fig.
1)
November 17—19, 1958
November 14—15, 1957
November 18—19, 1957
November 20—21, 1956
October 9—10, 1949
April 4, 1946
May 21-22, 1945
April 1, 1930
November 7—8, 1938
December 2—3, 1938
The
steamship
Carl
D.
Bradley
was
lost
together with 33 lives. 60 mph
(100 km/hr) over Lakes Michigan and
Superior — gusts to 75 mph (125 km/hr).
40 to 45 mph (67 to 75 km/hr) over Lake
Superior, 55 to 60 mph (92 to 100 km/hr)
over Lake Erie.
45 to 50 mph (75 to 83 km/hr) over Lake
Michigan, > 40 mph (67 km/hr) over Lake
Ontario.
50 to 60 mph (83 to 100 km/hr) over all
lakes.
Pressure
28.77
in.
(720 mm)
at
Sault Ste. Marie — lowest since 1920.
Low water in western Lake Erie.
60-70 mph (100 to 117 km/hr) general over
Lakes Superior and Michigan. Reported
102 mph (170 km/hr) and 12 ft. (3.6 m)
waves at Superior, WI.
50 mph (83 km/hr) on Lake Michigan and
40 to 50 mph (67 to 83 km/hr) on Lake
Erie.
In
excess
of
50
mph
(83
km/hr)
reported
by
vessels in the upper lakes.
40 to 55 mph (67 to 92 km/hr) over Lake
Erie.
40 to 50 mph (67 to 83 km/hr) over Lakes
Michigan and Huron.
40 to 50 mph (67 to 83 km/hr) over Lakes
Huron, Erie, and Ontario.
 TABLE 1 (CONT.)
STO
RM
DAT
ES
WIN
DS
AND
REM
ARK
S
Cen
tra
l R
ock
y M
oun
tai
ns
and
Gre
at
Pla
ins
(St
orm
Tra
ck
No.
2 i
n F
ig.
1)
Nov
emb
er
8,
195
7
Abo
ve
60
mph
(100
km/
hr)
at
Dul
uth
and
Buffalo, 40 to 50 mph (67 to 83 km/hr)
on all the lakes.
Nove
mber
15—1
6, 1
956
40 t
o 50
mph
(67
to 8
3 km
/hr)
on a
ll t
he
lakes.
May
10—1
1, 1
953
The
stea
mshi
p Ha
rry
Stei
nbre
nner
was
lost
together with 17 lives. 45 to 60 mph
(75 to 100 km/hr) over Lake Superior.
May 5, 1950 Dock facilities destroyed at Superior, WI.
Winds at Superior were 62 mph (103 km/hr),
gusts to 92 mph (153 km/hr),at Milwaukee
72 mph (120 km/hr),at Green Bay 109 mph
(182 km/hr).
November 4—6, 1948 40 to 50 mph (67 to 83 km/hr) over the
upper lakes.
December 4—6, 1948 45 to 50 mph (67 to 83 km/hr) over lower
lakes, 60 mph (100 km/hr) over upper lakes.
March 25, 1947 Up to 55 mph (92 km/hrL above gale force
for 20 hr. on Lake Erie.
April 4, 1945 Above 60 mph (100 km/hr) over central
lakes.
November 22, 1945 45 to 50 mph (75 to 83 km/hr) over Lake
Superior, 35 to 40 mph (58 to 67 km/hr)
over the lower lakes.
October 29—30, 1942 45 to 50 mph (75 to 83 km/hr) over Lake
Michigan, 30 to 35 mph (50 to 60 km/hr)
over the lower lakes.
November 21—22, 1941 35 to 40 mph (58 to 67 km/hr) over Lakes
Erie and Huron.
December 5, 1941 40 to 50 mph (67 to 83 km/hr) over the
upper lakes, 50 to 60 mph (83 to 100
km/hr) over the lower lakes.
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STORM DATES
WINDS AND REMARKS
November 11—12, 1940
One of the most severe storms.
Winds 60 mph
(100 km/hr) over a large area, up to 80 mph
(133 km/hr) over Lakes Michigan and Huron.
Severe snow and cold wave. Three large ships
and several small craft lost on Lake Michigan,
69 lives lost.
September 18-19,
1938
35 to 40 mph (58 to 67 km/hr) over the upper
lakes.
November 12-13,
1938
35 to 45 mph
(58 to 67 km/hr) over Lake
Michigan, 40 to 55 mph (67 to 92 km/hr) over
Lake Erie.
Pacific Southwest (Storm Track No. 3 in Fig. 1)
November 16—17, 1955
Above 60 mph (100 km/hr) over
Lakes Michigan,
Huron and Erie. Severe icing.
November 26, 1952
Up to 60 mph (100 km/hr) over Lakes Michigan,
Huron and Erie.
April 5—6, 1947
Up to 60 mph (100 km/hr) over Lake Michigan,
50 mph (83 km/hr) over Lake Erie.
April 11, 1947
35 to 40 mph
(58 to 67 km/hr) over the
eastern lakes.
December 7—8, 1947
35 to 45 mph (58 to 75 km/hr) over all the
lakes.
October 18, 1946
35 to 40 mph
(58 to 67 km/hr) over Lake Erie.
33
October
7, 1941
35 to 40 mph
(58 to 83 km/hr) over all the
lakes.
1
Alberta (Storm Track No. 4 in Fig. 1)
December 11,
1956
40 to 50 mph (67 to 83 km/hr) reported by
many ships on all lakes.
ll
 
 TABLE 1 (CONT.)
STORM DATES
WINDS AND REMARKS
October 28-29, 1954
November 8—9, 1950
August 9—10, 1946
September 6—7, 1943
December 10—11, 1943
November 9—10, 1942
October 22, 1938
July 25—26, 1937
45 to 60 mph (75 to 100 km/hr) on Lake
Superior, over 50 mph (83 km/hr) on Lake
Michigan.
40 to 50 mph (67 to 83 km/hr) over Lake
Superior.
35 to 45 mph (58 to 75 km/hr) over the
lower lakes.
50—55 mph (83 to 92 km/hr) over the upper
lakes.
55 to 60 mph (92 to 100 km/hr) over the
upper lakes.
40 to 50 mph (67 to 83 km/hr) over Lakes
Erie and Ontario.
35 to 40 mph (58 to 67 km/hr) over Lakes
Michigan and Superior.
One of the most severe summer storms. Up
to 65 mph (108 km/hr) over Lakes Michigan,
Huron and Erie.
Eastern United States (Storm Track No. 5 in Fig. 1)
November 25—26, 1950
December 1—2, 1942
November 7—10, 1913
50 to 60 mph (83 to 100 km/hr) with gusts
to 90 mph (150 km/hr) over Lakes Erie and
Ontario.
40 to 60 mph (67 to 100 km/hr) over Lakes
Erie and Ontario.
One of the most severe lake storms. 50
to 60 mph (83 to 100 km/hr) over western
lakes and above 80 mph (138 km/hr) over
Lakes Erie and Ontario. Over 200 seamen
and at least 8 large ships lost.
aSource: U.S. Weather Bureau, 1959.
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TABLE 2
EXAMPLES OF DAMAGING TROPICAL STORMS
IN THE GREAT LAKES REGIONa
 
STORM DATES
WINDS AND REMARKS
Tropical Cyclones (Storm Track No. 6 in Fig. 1)
June 28—29, 1957
August 13—14, 1955
October 15—16, 1954
September 25, 1941
September 21-22, 1938
50 to 60 mph (83 to 100 km/hr) over Lakes
Erie and Ontario.
45 to 60 mph (75 to 100 km/hr) over Lakes
Erie and Ontario, 40 mph (67 km/hr) on
Lake Huron.
50 to 65 mph (83 to 100 km/hr) over Lakes
Erie and Ontario, 35 to 50 mph (58 to
83 km/hr) on Lake Huron.
40 to 70 mph (67 to 117 km/hr) over the
lower lakes, 35 to 45 mph (58 to 75 km/hr)
over Lakes Michigan and Huron.
Small boats driven ashore, large vessels
unable to leave port. 50 to 60 mph
(83 to 100 km/hr) over Lakes Erie and
Ontario.
aSource: U.S. Weather Bureau, 1959.
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 FIGURE 2
MONTHLY FREQUENCIES 0F CYCLONES AND ANTICYCLONES
WITHIN AREAS SHOWN ON MAP‘
 
MONTH IN AREA TOTAL
Frequency of Extratropical Cyclones
 
1 2 3 4 5
120 1 so :60 2 10 240 270 zoo
Jan. 53 59
Feb. 49 52
Mar. 57 44
Apr. 59 45
May 45 36
Jun. 45 43
 
*Jul. 40 30
Aug. 25 48
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Oct. 44 40
Nov. 50 55
Dec. 69 56
    
1 2 3 4 s
1
Jan. ‘ '20 150 180 2 O 240 270 m
Feb . 24 30 24 23 30
Mar. 25 30 21 25 36
Apr. 26 21 29 41 26
May 32 34 31 42 40
Jun . 42 33 47 41 35 ,
Jul .
so
44
3s
64
27
,
I
Aug. 69 54 41 4s 5 s I I
Sep. 46 43 47 5 1 53 , ,
Oct. 25 45 3o 53 66
Nov. 15 22 21 31 34
Dec. 17 36 23 30 35
  
Great Lakes Areas
1111 1111111111111411111
kg
1 A 5
[IIY III! Irll FITT TTII rrn
l
l
l
l
V
I
I
I
       
*Source: Klein, 1957 as given in Resio et a1., 1977.
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TABLE 3
M
E
A
N
N
U
M
B
E
R
O
F
D
A
Y
S
W
I
T
H
W
I
N
D
S
O
F
2
8
K
N
O
T
S
O
R
G
R
E
A
T
E
R
a
  
MEAN NUMBER OF DAYS AT
 
MONTH
QUEBEC
MONTREAL
MASSENAbO
Jan.
5
4
1
Feb.
3
2
1
Mar.
5
2
1
Apr.
4
2
1
May
3
1
1
June
1
<1
2
July
0.4
0
0.4
Aug.
0.4
<1
0.4
Sept.
0.7
l
0.4
Oct.
1
1
1
Nov.
3
2
Dec.
4
2
2
aSource:
U.S.
Weather
Bureau,
1959.
34 knots or greater criterion.
New York State.
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T
A
B
L
E
4
HEI
GHT
S O
F M
AXI
MUM
SIG
NIF
ICA
NT
WAV
ESa
ON
THE
GRE
AT
LAK
ES
SHO
WIN
G
DIRE
CTIO
N OF
GENE
RATI
NG W
INDS
AND
PROB
ABIL
ITY
OF O
CCUR
RENC
E
LAKE
ONTAR
IO
LAKE
ERIE
LAKE
HURON
LAKE
SUPER
IOR
MAX.
MAX.
MAX.
”
MAX.
WAVE
Z9 W
IND
PROB
.
WAVE
WIND
PROB
.
WAVE
WIND
PROB
.
WAVE
WIND
PROB
.
MONTH
(FT.)
DIR.
(Z)
(FT.
DIR.
(Z)
(FT.;
) D
IR.
(Z)
(FT.f
) D
IR.
(Z)
0.07
31
0.0
3
270
0.04
0.
08
0
.
0
4
0
.
0
4
0
.
0
8
0
.
0
3
0.03
0.
11
0
.
0
8
0.
15
0
.
0
7
0
.
0
6
Jan.
25
Feb.
26
Mar. 30
Apr.
26
May
23
Jun
e
11
July 7
Aug.
11
Sep
t
18
Oct.
23
Nov.
26
Dec. 23
0.0
8
32
E
0.0
4
27
0.0
4
30
E
0.0
7
270
0.0
4
35
sw
0.0
3
27
0.0
2
32
0.0
4
27
sw
0.0
4
24
0.0
4
32
0.0
3
27
NE
0.0
4
18
SN
0.1
3
27
0.3
6
11
sw
0.0
6
11
s
0.1
1
15
0.8
8
11
SN
0.0
3
11
s
0.0
5
16
0.2
0
11
N
0.0
8
17
sw
0.0
9
12
0.0
4
15
w
0.1
6
19
s
0.2
4
21
0.1
6
23
N
0.0
4
27
S
0.1
0
31
0.1
4
27
SN
0.1
5
32
SE
0.0
7
37
0.0
7
24
sw
0.0
8
27
s
0.0
4
32
m
m
w
m
3m
3
3
3
3
3
§
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
 
a
. .
Based on longest fetch and/or highest w1nd speeds. Source: Richards and Phillips (1970).
cWave heights given in FT. to remain consistent with data source.
Not valid because of the high probability of ice cover.
.
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heights
in
the
summer
are
much
lower
than
those
expected
in
spring
and
fall.
Data
from
Richards
and
Phillips
(1970)
have
been
presented
in
a
slightly
d
i
f
f
e
r
e
n
t
f
a
s
h
i
o
n
in
Figs.
3
t
h
r
O
ug
h
6
for
four
of
the
five
Great
Lakes,
excluding
Lake
Michigan.
Once
again,
based
on
wave
height
data,
it
appears
that
resuspension
of
sediment
is
likely
to
occur
predominantly
in
the
spring
and
fall
in
the
Great
Lakes.
Of
course,
r
e
s
us
p
e
n
s
i
o
n
can
occur
t
h
r
o
ug
h
o
ut
the
year
depending
upon
the
occurrence
of
isolated
wind
events
or
storms.
However,
the
preponderance
of
data
indicates
that
maximum
resuspension
p
o
t
e
n
t
i
a
l
occurs
in
seasons
other
than
summer.
Examination
of
Available
Wave
Data
 
M
o
s
t
s
t
a
t
i
s
t
i
c
a
l
analyses
of
wa
ve
s
ut
i
l
i
ze
the
concept
of
s
i
g
n
i
f
i
c
a
n
t
wave
heights.
Significant
wave
height
is
defined
as
the
average
height
of
the
highest
one—third
of
all
waves
sampled
(Richards
and
Phillips,
1970).
Individual
wave
heights
will,
of
course,
exceed
the
significant
wave
height
and
it
has
been
statistically
established
that
the
highest
wave
is
about
1.4
times
the
significant
wave
height.
The
significant
wave
height
is
approxi—
mately
the
height
which
an
observer
on
a
ship
or
a
platform
would
report
as
the
maximum
wave
height
at
any
given
time.
Although
visual
observations
are
not
the
m
o
s
t
a
c
c
ur
a
t
e
m
e
t
h
o
d
of
r
e
p
o
r
t
i
n
g
wa
ve
heights,
this
type
of
d
a
t
a
is
f
r
e
q
ue
n
t
l
y
all
that
is
available.
The
three
p
r
i
m
a
r
y
factors
w
h
i
c
h
i
n
f
l
ue
n
c
e
the
size
of
wa
ve
s
are:
(1)
wind
velocity,
(2)
wi
n
d
d
ur
a
t
i
o
n
and
(3)
the
extent
of
the
open
water
over
which
the
wind
blows
(the
fetch).
W
a
ve
height
and
wave
period
m
us
t
be
d
e
t
e
r
m
i
n
e
d
p
r
i
o
r
to
c
o
m
p
ut
i
n
g
wa
ve
o
r
b
i
t
a
l
velocity.
This,
in
turn,
leads
to
an
e
s
t
i
m
a
t
e
of
the
p
r
o
b
a
b
i
l
i
t
y
of
s
e
d
i
m
e
n
t
r
e
s
u
s
p
e
n
s
i
o
n
.
W
i
t
h
i
n
c
e
r
t
a
i
n
l
i
m
i
t
s
,
w
a
v
e
h
e
i
g
h
t
a
n
d
w
a
v
e
p
e
r
i
o
d
are
d
i
r
e
c
t
l
y
p
r
o
p
o
r
t
i
o
n
a
l
to
wind
speed,
duration,
and
fetch.
T
h
e
o
r
e
t
i
c
a
l
l
y
it
is
p
o
s
s
i
b
l
e
to
c
a
l
c
ul
a
t
e
wave
height
and
wa
ve
p
e
r
i
o
d
t
h
r
o
ug
h
a
m
a
t
h
e
m
a
t
i
c
a
l
m
o
d
e
l
wh
e
n
the
three
p
a
r
a
m
e
t
e
r
s
are
known.
This
t
e
c
h
n
i
q
ue
k
n
o
wn
as
wa
ve
hind-
casting,
has
o
f
t
e
n
b
e
e
n
used
by
i
n
ve
s
t
i
g
a
t
o
r
s
in
the
Great
Lakes
b
a
s
i
n
(U.S.
Army,
1953a,
1953b,
1953c;
Richards
and
Phillips,
1970;
Cole,
1971).
In
v
i
e
w
of
the
paucity
of
measured
wave
data,
this
method
has
been
the
most
popular
way
to
calculate
wave
parameters
for
the
design
or
modification
of
coastal
structures.
One
problem
with
the
wave
hindcasting
technique
is
that
suffi—
J
ciently
long
continuous
records
of
over—lake
winds
are
not
available
for
the
“
Great
Lakes.
Techniques
have
been
developed
to
modify
wind
data
recorded
at
land—based
stations
to
make
them
representative
of
over—lake
winds.
However,
sufficient
land—based
data
have
not
been
compiled
in
the
literature
and
were
thus
unavailable.
A
personal
communication
from
the
Environmental
Data
Service
(National
Climatic
Center,
NCAA)
revealed
that
continuous
hourly
over-land
wind
data
are
available
from
many
national
weather
stations
in
the
Great
Lakes
basin
in
the
form
of
raw
data
on
magnetic
tape.
Unfortunately,
this
project's
budget
did
not
allow
for
computerized
analysis
of
these
extensive
wind
data.
Wind
data
in
the
form
of
wind
roses
provide
information
on
the
intensity,
direction
and
frequency
of
occurrence
of
wind
from
different
directions
at
points
around
the
Great
Lakes
basin.
An
example
of
such
information
for
4
months
in
the
year
is
provided
in
Figs.
7-10
(Phillips
and
McCulloch,
1972).
Unfortunately
one
key
piece
of
information-—wind
duration—-
is
lacking.
Wind
duration
information
is
very
difficult
to
obtain.
A
computerized
analysis
of
the
raw
data
available
from
the
National
Climatic
C
e
n
t
e
r
t
o
b
e
u
s
e
d
t
o
i
n
t
e
r
p
r
e
t
w
i
n
d
d
a
t
a
f
o
r
w
a
v
e
h
i
n
d
c
a
s
t
i
n
g
p
u
r
p
o
s
e
s
w
o
u
l
d
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 have
beendesirable.
Wind—wave hindcasting techniques are very complex and
time consuming, however, and the analysis of substantial amounts of data
would have required extensive computer time.
As mentioned above, a number of
investigators have utilized
such techniques.
Unfortunately,
this information
was only of marginal value to this project.
Some studies report maximum wave
heights without discussing either the approach direction of the waves of the
relevant wave periods.
Some
excellent
wave hindcasting
data
are
available
through
the
U.S.
Army
Corps
of Engineers
(l953a-c).
However,
the data
are available
for
only Lakes
Ontario,
Erie
and
Michigan.
If
these data
were
used,
it would
have
been
necessary
to
develop
the
wave
climate
of
Lakes
Huron
and
Superior
from
other
information
sources.
It
was
deemed
more
valid
to
assess
resuspension
and
wave
activity
throughout
the
Great
Lakes
basin
by
developing
wave
orbital
velocity
and
sediment
resuspension
potential
from
a
single
source
of
data
which
cover-
ed all five Great Lakes.
In
view
of
these
constraints,
other
approaches
to
the
problem
of
wind—
induced
resuspension
in
the
Great
Lakes
were
explored.
For
this
purpose,
wave
data
obtained
by
direct
measurement
(with
wave
recording
equipment)
would
be
optimum.
Unfortunately,
such
data for
the
Great
Lakes
are
quite
limited.
When
such
studies
have
been
conducted,
the
observation
times
have
generally
been
short
and/or
only
a
very
limited
number
of
sites
were
examined.
In
order
to
utilize
these
studies
it
would
have
been
necessary
to
assume
that
wave
observations
at
two
or three
distinct
sites
on
a
given
lake
reflect
the
conditions
of
the
remaining
nearshore
areas.
This
assumption
appears
to
be
unsupportable.
In
addition,
direct
wave
measurements
have
apparently
not
been made on each of the lakes.
The
most
complete
study
of
wave
parameters
on
the
U.S.
Great
Lakes
shoreline
was
prepared
by
Resio
and
Vincent
(1976—1978).
These
publications
report
wave
heights
and
periods
for
nearly
200
sites
on
the
U.S.
Great
Lakes
shoreline.
These
investigators
utilized
wind/wave
hindcasting
techniques
to
develop
wave
height
and
period
parameters
for
each
site.
Unfortunately,
this
impressive
effort
was
designed
to
predict
the
maximum
wave
that
a
coastal
structure
might
be
expected
to
experience
under
severe
weather
conditions.
Consequently,
the
data
are
presented
as
maximum
predicted
waves
for
recurrence
intervals
of
5,
10,
20
and
100
years.
The
possibility
that
these
data
could
be
extrapolated
to
much
lower
recurrence
intervals
(i.e.,
l
to
6
months)
was
explored
directly
with
these
authors
but
was
found
not
to
be
possible.
However,
the
period/height
relationships
established
by
Resio
and
Vincent
for
each
site
on
the
U.S.
Great
Lakes
shoreline
were
used
to
estimate
the
degree
of
sediment
resuspension.
This
is
explained
later
in
detail.
In
View
of
problems
encountered
with
the
available
wave
data,
we
approached
the
project
as
follows.
Publications
entitled
Summary
Of
Synoptic
Meteorological
Observations
for
Great
Lakes
Areas
(SSMO,
1975)
were
obtained
from
the
National
Climatic
Center,
NOAA.
This
data
base,
in
summary
tabular
form,
contains
extensive
meteorological
data
(including
observed
wave
heights)
collected
over
a
10—year
period
by
observers
on
Great
Lakes
vessels.
Many
problems
exist
in
utilizing
such
observed-—rather
than
measured-—wave
height
data.
However,
this
data
base
is
apparently
the
most
comprehensive
collec—
tion
of
wave
data
available
for
all
five
Great
Lakes.
A
detailed
discussion
26
 0f the coupling of wave height data contained in these publications with
wave period data from Resio and Vincent
(1976—1978) for calculating wave—
induced resuspension is given later in the Methodology section.
NEARSHORE SEDIMENT CHARACTERISTICS
The magnitude of wind (wave)—induced resuspension in the Great Lakes
depends primarily on the wave characteristic and its frequency of occurrence
and the characteristics of nearshore surficial sediments.
The main sediment
parameter of concern is the textural class or grain size distribution.
Fine
sediments, particularly clays, tend to be resuspended easier and stay in
suspension longer than coarser particles.
Because of this, the fine particles
are more likely to be transported and redistributed to other parts of a lake
depending upon the current patterns in that lake.
The degree of compaction
also influences resuspension although it may not play a major role in near-
shore zones because the sediments are disturbed continually by wave activity
and this process is not conducive to compaction or consolidation.
Sediments are comprised of three main particle size fractions, namely;
sand, silt and clay. The size limits of these fractions are given in Table 5.
Nearshore Zone
It is necessary to delineate the nearshore zone for each of the Great
Lakes. For this project, the area between the shoreline and the 18.3 m (10
fathoms or 60 ft) contour constitutes the nearshore zone. It is within this
zone that nearshore sediment characteristics were compiled from previous
lakewide sediment surveys.
The extent of the nearshore zones for each of the five Great Lakes is
presented in Figs. 11 through 15. Lake Erie is the shallowest lake and its
extensive nearshore zone occupies almost one—half of the total area of the
lake. The nearshore zones of two of the lakes, Lakes Superior and
Ontario, form a narrow band along the shoreline periphery. Lake Michigan has
narrow nearshore areas in the eastern and western portions but these are quite
extensive in the extreme northern and southern ends. The nearshore zone of
the southern section of Lake Huron is larger than its northern counterpart.
Sediment Characteristics
Information regarding the general distribution, composition and charac—
teristics.of surficial sediments on a lakewide basis is available for all the
lakes (Thomas et 31., 1972, 1973, 1975, 1976, 1978). General descriptions of
sediment types are presented in a report prepared by the Great Lakes Basin
Commission (1976). A comprehensive detailed survey of sediments has been
made for the Canadian Great Lakes nearshore areas (20 m contour) by the
Canada Centre for Inland Waters (St. Jacques, 1976). No similar project has
been made nor apparently is being attempted for the nearshore waters of the
U.S. Great Lakes.
Maps of sediment type distribution based upon sample descriptions and
interpretation of echograms are available. In order to have a better
27
  
   
  
   
 
   
    
  
   
   
 
    
    
     
    
  
   
  
  
TABLE 5
SIZE LIMITS OF SAND, SILT AND CLAY FRACTIONS
 
SIZE LIMITS
 
FRACTION
mma
umb
¢c
Sand
2
to
0.062
2000
to
62
—l
to
4
Silt
0.062
to 0.004
62
to
4
4 to
8
Clay <0.004 <4 >8
aMillimeter
Micrometer
c¢ = —log2 d, where d is particle size diameter in mm.
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appreciation of the regional variations of nearshore sediments, parameters
such as sediment type, textural classification, clay and silt contents, and
mean grain size were tabulated for various segments of each lake.
Data were
gleaned from maps that appear in the primary source materials mentioned
earlier.
Lake Superior-—
The
distribution
of
surface
sediments
shows
the
occurrence
of till
and/or
bedrock
in the
nearshore
zone
around
the
periphery
of
the
lake
(Fig.
16) with
isolated
sand
accumulations
occurring
at Duluth
and
at
the
southeastern
extremity
of
the
lake.
Glaciolacustrine
clays
are
exposed
along
the
KeWeenaw
Peninsula
and
in
the
Ashland
area.
Sand
may
exist
as
a
veneer
overlying
glacial
till
or
bedrock
and
glaciolacustrine
clay
(Dell,
1972).
Detailed
sediment
surveys
in
the
Duluth—Superior
and
Keweenaw
Peninsula
areas
confirm
the
preponderance
of
coarse
sediments
at
depths
of
<20
m
(Van
Tassell
and
Moore,
1976)
although
occurrences
of
muddy
sand
are
apparent
in
the
Duluth—Superior
area.
Thin
covers
of
temporarily
settled
red
clay
are
found
along
the
Wisconsin
shoreline
of
Lake
Superior
(Sydor,
1975).
The
mean
grain
size
shows
a
marked
conformity
to
the
sediment
distribu-
tion.
The
nearshore
sediments
are
within
the
sand
size
range
(Table
6)
and
this
textural
class
is
characteristic
of
the
entire
zone.
Depositional
areas
of
recent
fine
sediments
occur
throughout
the
deep—water
offshore
regions of the lake.
Lake Michigan—-
The
areal
distribution
of
sediment
types
of
Lake
Michigan
is
presented
in
Fig.
17.
The
entire
nearshore
bottom
is
glacial
till
and/or
bedrock
except
in
Green
Bay
where
glaciolacustrine
clays
and
muds
predominate.
Sediment
distribution
patterns
in
the
southern
region
of
the
lake,
based
on
field
descriptions
and
particle
size
analysis
of
samples,
reveal
that
the
nearshore
sediments
are
predominantly
narrow
bands
of
sand
extending
almost
lcontinuously
around
the
shoreline
(Powers
and
Robertson,
1968).
This
continuity
is
interrupted
in
two
areas
of
hard
bottom
off
Milwaukee-Racine
and
Waukegan—Michigan
City.
Hard
bottom
is
composed
of
either
gravel
cobbles,
or
hard
till
frequently
interspersed
with
sand.
Investigations
of
sediments
in
the
southeastern
(Hawley
and
Judge,
1969)
and
eastern
shoreline
areas
(Hulsey,
1963)
indicate
that
the
bottom
sediment
is
composed
mostly
of
medium—to—fine
grained
well
sorted
sand.
Sediment
distribution
patterns
in the northern
basin
are not well
known.
According
to
the NCAA—Lake
Survey
Center
(GLBC,
1976)
fine—to—medium—
grained
and
fairly‘
well
sorted
sand
covers
most
of
the
northern
nearshore
areas
near
the
Straits
of
Mackinac
and
occurs
as
narrow
bands
parallel
to
the
eastern
and
western
shorelines.
The
mean
particle
size
of
the
nearshore
sediments
of
the
northern
basin
was
found
to
be
<3¢
(<125
um)
(Kotsch,
1974).
Lake Huron-—
The
nearshore
zone
of
Lake
Huron
is
defined
by
the
distribution
of
glacial
tills,
sand,
and
bedrock
(Fig.
18).
Glacial
tills
occur
discontinuously
in
the
zone.
In
some
areas,
tills
have
been
removed,
exposing
bedrock.
The
tills
vary
from
gray
to
buff
to
reddish
brown
and
are
composed
of
cobbles
and
pebbles
held
in
a
stiff
sand,
silt
and
clay
matrix.
The
tills
are
34
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 TABLE 6
SEDIMENT CHARACTERISTICS OF NEARSHORE ZONES IN THE U.S. GREAT LAKES
 
SURFICIAL SEDIMENT CHARACTERISTICSb
LAKE SEGMEN'Ia TYPE TEXTURAL CLASSO SILT, Z CLAY, I MEAN SIZE,“ o ORGANIC C. 1
Lake Superior (Thomas and Jacquet, 1975; GLBC, 1976)
A. North Glacial till a e e <3—5 (<125-3l)f e
B. Duluth-Superior Sand <3-S (<125-3l)
C. West Glacial till-glacio-
lacustrine clay <3—5 (<125—31)
D. West Central Glacial till-glacia-
lacustrine clay (3-7 (<125—8)
E. Keweenaw Bay Glacial till <3-5 ((125-31)
1“. East Central Glacial till-sand <3-7 (<125-8)
G. East Sand <3-5 (<125—31)
H. Whitefish Bay Sand (3—5 (<lZS-3l)
Lake Michigan (Powers and Robertson, 1968; GLBC, 1976; Thomas, 1978)
A. North Glacial till Sand e e e e
3. Northwest Glacial till—mud Sand
C. Southwest Glacial till-bedrock Sand
D. South Glacial till-bedrock Sand
E. Southeast Glacial till Sand
F. Northeast Glacial till Sand
Lake Huron (Thomas and Kemp. 1973)
A. North Glacial till Sand-clayey sand <5-40 <10-25 <3-5 (<125-31) 0-1
3. North Central Glacial till Sand—clayey sand <S-20 <10-25 <3‘5 (<125-31) 0-1
C. Central Glacial till Sand-clayey sand <5—20 <10-50 <3'5 ((1254-31) 0—1
D. South Central Glacial till Sand <5 <10 <3 ((125) 0—1
E. Saginaw Bay Sand Sand <5 <10 <3 (<125) 0-1
F. South Glacial c111 Sand .<5 <10-25 <3 (<125) 0-1
G. St. Clair River Glacial till Sand <5 <10 <3 (<125) 0-1
Lake Erie (Thomas et s1. 1976)
A. West Sandy md e 20-60 10-60 3-8 (125-8) 1-4
3. Heat Central Sand—silty
clay mud 20-60 20->60 3—9 (125—2) 1-1.
c. East Central Sand-sandy mud 20-40 5—60 3-6 (125-16) <1-4
1). East Glacial till-sandy
mud
5-40
<5-4
o
1—6
(500
-16)
<14.
Lake Ontario (Thomas et al. 1972)
A. West Sand-silt Sand <5-10 <10-25 <3'5 ((125-31) <1
B. Central Sand—glacial till Sand-clayey silt <5-40 <10-25' <3-5 ((125‘31) <l-2
C. East Sand-glacial till Sand <5-10 <10 <3-5 (<125-31) <1
:Refer to Figs 22 to 27 for lake segmentation and sites within segments.
cBest estimate of range of properties based on predominant areal distribution on maps.
stsed on Shepard classification.
elncreasing 0 values mean decreasing grain size.
information.
Values within parenthesis are in us.
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FIGURE 18 DISTRIBUTION OF SURFICIAL SEDIMENTS IN
LAKE HURON (THOMAS ET ALU 1973).
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 covered
usually with
complex
surficial
deposits,
comprised
of
lag
gravels
and
sands.
Extensive
sand
deposits
have
accumulated
over
the
glacial
till
off
Saginaw Bay.
Glaciolacustrine
clays
occur
between
the
zone
of
glacial
tills
and
off-
shore
muds.
The
offshore
basin
post-glacial
muds
occupy
ca
60%
of
the
lake
bottom
and
represent
the
prime
regions
of
modern
sediment
accumulation.
Wood
(1964)
studied
the
bottom
deposits
of
Saginaw
Bay.
Sediments
range
in
size
from
pebbles
to
clay,
but
medium-to—fine—grained
sand
is
common
in
all
parts
of
the
bay.
Some
mud
deposits
occur
in
the
southern
part
of
the
bay
(Robbins,
1976
cited
in
ULRG,
1976).
The upper U.S.
nearshore
zone of
Lake Huron has
finer
sediments
than
the
lower
part
as
indicated
by
textural
classification
and
grain
size
distribu-
tion (Table 6).
Lake Erie-—
The nearshore sediments of Lake Erie are more complex than any of the
other lakes.
Fine-grained sediments are abundant,
particularly in the
western basin,
all of which is considered nearshore zone.
Surficial sediments
in the western nearshore zone consist mainly of post—glacial muds dominated
by silty
claysand sandy clays
(Fig. 19).
Major occurrences of sand and
gravel are found in the Pelee Lorraine moraine south of Point Pelee.
Modern
sands occur in littoral zones and beaches along the western shoreline and in
parts of the southern and eastern shoreline.
Parts of the southwestern and
most of the southeastern periphery of the lake are overlain with glacial till
with bedrock cropping in localized areas.
The till, which is a nonhomogeneous
unconsolidated mixture of gravel, sand, and clay forms a veneer over the
bedrock.
Sandy clay muds occur lakeward of the till and bedrock bottom.
The mean grain size of sediments in the Lake Erie nearshore zone is
smaller than the sediments in other lakes (Table 6). Fine—grained sediments
accumulate under shallow-water conditions in the western basin.
High loadings
of fine-grained sediments are derived from the Detroit and Maumee Rivers with
a deficit of coarser materials from river bedload and shoreline erosion
(Thomas et al., 1976). Input loadings are in excess of sediment export to the
central basin, resulting in net accretion of fine—grained sediments. Thicker
accumulations of post glacial muds are found in the deeper portions of central
and eastern basins.
Lake Ontario--
The dominant sedimentary types of nearshore areas in Lake Ontario are
glacial till and/or bedrock (Fig. 20). Sand accumulation occurs in the
Niagara Bar vicinity of Rochester, N.Y. and along the eastern shore.
Rukavina (1976) in his study of the nearshore sediments of Lake Ontario
corroborated the findings that the bottom sediment of the southern shore of
the lake is mainly glacial till, thinly veneered with sand and coarser
materials. This glacial till is apprarently undergoing erosion and accumu—
lation of coarse—grained deposits is occurring. Exposed bedrock is a minor
component of the zone.
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Most of the sediments fall under the sand textural classification and
they are in the coarse size range (Table 6).
The average sand size decreases
from the Niagara River to the eastern shore, although sands are well—sorted
(Sutton et al., 1970).
High silt concentrations occur in the Rochester area
which are associated with river inputs from the Black and Genesee Rivers.
Modern mud
(silty clays and clays)
accumulations are found in offshore
depositional
basins
which
occupy
ca
60%
of
the
total
lake
bottom.
Non—depositional
and
Depositional
Zones
On the basis of sediment distribution,
the bottom of any of the Great
Lakes
can be divided
into non-depositional
and
depositional
zones.
The
non-
depositional
zone
is where
sediments
are
temporarily
deposited
only
to
be
scoured,
resuspended
and
transported
away by
currents
and
storms.
With
the
exception
of
the
western
basin
of
Lake
Erie,
the
nearshore
areas
of
the
lakes
fall
under
this
category.
The
depositional
zone
occurs
in
deeper
portions
of
the
lakes
where
the
quiescent
waters
allow
suspended
particulates
to
settle,
accumulate,
and
remain
relatively
undisturbed
by
currents
or
storms.
An
obvious
difference
between
the
two
is
that
the
depositional
zones
have
much
finer—sized
sediments
because
of
the
higher
clay
content
(Figs.
16
to
20).
Strong
evidence
exists
of
an
inverse
relationship
between
particle
size
and
water
depths,
i.e.,
gravel
and
sand
appear
in
shallower
waters
and
clay
in
deeper
waters.
This
depth
distribution
arises
mainly
because
of
differ—
ential
settling
of
suspended
particles
according
to
their
size
and
density
and prevailing lake currents.
Particle
size
distribution
of
a
sediment
has
significant
influence
on
its
composition.
Fine—grained
sediments
possess
considerably
greater
surface
area
available
for
sorption,
complexation,
and
ion
exchange
reactions
than
coarse—grained
sediments.
The
large
surface
area
of
fine-grained
sediments
makes
them
more
susceptible
to
contamination.
Fine-grained
sediments
may
act
as
sinks
for
contaminants
since
they
are
transported
and
eventually
settle
out
in
depositional
areas
where
disturbance
is
negligible.
RELATIONSHIP
OF
WAVE
MOTION
AND
SEDIMENT
RESUSPENSION
Wave Motion
According
to
the
small-amplitude
wave
theory
(U.S.
Coastal
Research
Center,
1973),
surface
waves
produce
an
oscillatory
motion
in
water.
Water
particles
follow
circular
paths
in
deep
water
and
elliptical
paths
in
transitional
and
shallow
water.
Near
the
bottom,
the
elliptical
motion
evolves
into
a
to—and-fro
horizontal
motion.
The
maximum
horizontal
motion
caused
by
this
periodic
movement
at
the
nearshore-bottom
is
a
function
of
wave
height,
wave
period
and
depth
of
water
(Komar
and
Miller,
1973).
The
interrelation
of
these
parameters
is
discussed
further
under
Methodology.
The
periodic
motion
causes
a
shear
stress
to
develop
at
the
sediment—
water
interface.
When
the
shear
stress
reaches
a
certain
critical
value,
the
42
 
top
layer
of
the
sediment
is
set
in
motion
and
may
eventually
be
resuspended
at higher stresses.
Sediment Resuspension
 
Critical Velocities--
The
bottom
sediments
of
the
U.S.
Great
Lakes
nearshore
zones
are
derived
from
various
sources
which
include
tributary
input,
shoreline
erosion,
direct
industrial
discharge
and
bottom
erosion.
The
relative
contributions
of
tributary
and
shoreline
erosion
loadings
as
well
as
direct
industrial
dis—
charges
have
been
assessed
and
are
discussed
by
Monteith
and
Sonzogni
(1976)
and
Sonzogni
et
a1.
(1978).
Regardless
of
origin,
bottom
sediments
are
subject
to
resuspension,
mixing,
scouring,
and
transport
resulting
from
turbulence
caused
by
wave
action,
currents,
and
the
activity
of
benthic
organisms.
In
the
ensuing
discussion
only
wave-induced
resuspension
is
considered.
The
degree
of
resuspension
of
bottom
sediment
depends
on
many
factors
including
grain
size,
amounts
of
clay
and
organic
matter,
mineralogical
composition,
and
water
content
(Partheniades,
1965;
Migniot,
1968;
Fukuda,
1978).
Various
laboratory
studies
have
indicated
that
for
the
same
sediment,
the
shear
stress
needed
to
resuspend
sediment
initially
is
a
function
of
water
content
(Postma,
1967;
Migniot,
1968;
Southard
et
al.,
1971;
Lonsdale
and
Southard,
1974;
Fukuda,
1978).
For
fine
sediments,
shear
stress
increases
with
decreasing water
content.
This
implies
that compacted
sediments,
parti-
cularly
those
containing
large amounts
of
clays
and
lower water
content,
require
higher
stress
to entrain
them
in overlying
waters.
Furthermore,
natural
sediment
particles
are
not
found
normally
in
a
dispersed
condition.
Fine
particles
may
cluster
into
flocs
due
to
electrochemical
attraction
as
influenced by
ionic
strength
and
ion
type.
Alternatively,
they may
be bound
into
aggregates
by
cementing
agents
such
as
organic
substances
and
iron
oxides.
Flocculation and
aggregation
tend
to
increase
the
resistance of
fine
particles to resuspension.
Little attention has been given to the critical stage or threshold of——
in part——sediment movement under oscillatory water-wave motion due to the
difficulty in obtaining satisfactory measurements under complex wave motions
in lakes. Available data, obtained from flume experiments in the laboratory,
indicate that different sediments or particles of different sizes exhibit
varying thresholds (Table 7).
Fukuda (1978) studied the critical shear stress needed for the initial
entrainment of several natural sediments. These sediments have a wide range
of physical and chemical properties. The sediments used were: a clay—rich
sediment that consisted primarily of decomposed shale; a clayey sediment
obtained from the Western Basin of Lake Erie; a sandy sediment sampled from
the Ashtabula Harbor area in the Central Basin of Lake Erie; and an organic—
rich sediment collected from a freshwater pond. Fukuda (1978) defined
critical stress as that stress corresponding to the initial increase in
suspended sediment concentration. The shear stresses were translated to
threshold orbital velocities (Table 8). For the same water content, threshold
velocity increases with a decrease in clay content. The high threshold
velocity of the organic sediment is attributed not only to the high sand
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TABLE
7
CRITICAL
SHEAR
VELOCITIES
(u*)
AND
THRESHOLD
VELOCITIES
(um)
OF
NATURAL
SEDIMENTS
SEDIMENT TYPE/
SIZE FRACTION
GRAIN
SIZE
—
—
—
a
um
¢
COHESIVENESS
WATER
CONTENT,
Z
CRITICAL
u*,
THRESHOLD
CM/SEC
um,
CM/SEC
INVESTIGATOR
Sand
Sand
Calcareous
ooze
Silt
River muds
Deep—sea clay
1000-63
0—4
1000-63
0—4
63—16
<4
>8
<4
>8
None
None
Partly
Partly
Yes
Yes
50
rV90
m80
2.0—3.4
37-32b
Sternberg,
1972
7-300
Komar and
Miller,
1975
15d
Southard et aZ.,
1971
1.4
4-80
Komar and
Miller, 1975
7-24d
0.3-1.0
Migniot, 1968
18d
Lonsdale and
Southard,
1
9
7
4
b
0
Mean velocity 1m above sea floor.
¢
=“logz d, where d is particle size diameter in mm.
Maximum
orbital
velocity
(top
of
boundary
layer)
producing
dT
=
1—5
sec.
Mean
velocity
in
flume.
initiation of
bedload movement,
for
wave
period
 
 TABLE 8
CRITICAL SHEAR STRESS (Tc), SHEAR VELOCITY (u.) ESTIMATED
THRESHOLD ORBITAL VELOCITY (um) FOR VARIOUS SEOIMENTS (FUKUDA, 1978)
CLAY, QUARTZ,
WATER CONTENT,
Tc u*,a
um,b
SEDIMENT % z Z DYNES/CM CM/SEC CM/SEC
Decomposed
68 28
67.3 0
.65 0.81
shale
71.5 0
.59 0.77
78.0
0.31
0.55
3
I
\
\
D
Lake
Erie,
Western Basin
38 30
77.6 0
.87 0.93
c
o
i
n
H
.J.\
U1
Lake Erie,
Central B
asin
34
43
68.0
1.99
1.41
26
77.9 1
.20 1.09
20
80.3 0.58 0.76 6
Pondc 27 65 66.0 3.46 1.86 34
67.3 2.85 1.69 31
68.4 2
.14 1.46
26
aShear velocity i
s obtained by the
relationship T =
pu12 where p is d
ensity of water
b(Komar and Miller, 1973).
0
Estimate of orbit
al velocity made
using the relatio
nship developed b
y Lam and Jaquet
(1976)
for wave period T
= 5 sec (see Tabl
e 13),
COrganic matter c
ontent is 50%.
 
 content
but
also
to
the
possible
binding
effect
of
the
organic
matter
on
the
sediment particles.
Based
on
the
data
in
Table
8,
the
threshold
orbital
velocities
for
various
grain
sizes
in
the
U.S.
nearshore
areas
were
estimated
to
be
5
cm/sec
for
fine
sediments
(clay
and
silt)
and
20
cm/sec
for
sand.
The
value
of
5
cm/sec
was
us
e
d
as
a
c
ut
—o
f
f
point
in
d
e
t
e
r
m
i
n
i
n
g
the
annual
f
r
e
q
ue
n
c
y
of
r
e
s
us
p
e
n
s
i
o
n
as
d
i
s
c
us
s
e
d
un
d
e
r
M
e
t
h
o
d
o
l
o
g
y.
At
ve
l
o
c
i
t
i
e
s
a
b
o
ve
20
cm/sec,
all
p
a
r
t
i
c
l
e
s
are
a
s
s
um
e
d
to
be
resuspended.
S
e
d
i
m
e
n
t
r
e
s
u
s
p
e
n
s
i
o
n
in
N
a
r
r
a
g
a
n
s
e
t
t
B
a
y
(
O
v
i
a
t
t
a
n
d
N
i
x
o
n
,
1
9
7
5
)
i
n
d
i
c
a
t
e
d
t
h
a
t
b
o
t
t
o
m
c
u
r
r
e
n
t
s
o
f
15
to
30
c
m
/
s
e
c
w
e
r
e
e
n
o
u
g
h
to
r
e
s
u
s
p
e
n
d
a
l
l
p
a
r
t
i
c
l
e
s
(
c
l
a
y
to
s
a
n
d
)
f
o
u
n
d
i
n
t
h
e
B
a
y
a
t
a
n
a
v
e
r
a
g
e
d
e
p
t
h
o
f
7
m.
E
n
t
r
a
i
n
m
e
n
t
R
a
t
e
-
-
I
n
h
i
s
e
n
t
r
a
i
n
m
e
n
t
s
t
u
d
y
,
F
u
k
u
d
a
(
1
9
7
8
)
d
e
t
e
r
m
i
n
e
d
t
h
e
r
a
t
e
o
f
e
n
t
r
a
i
n
-
m
e
n
t
o
r
r
e
s
u
s
p
e
n
s
i
o
n
f
o
r
a
w
i
d
e
v
a
r
i
e
t
y
o
f
c
o
h
e
s
i
v
e
s
e
d
i
m
e
n
t
s
.
T
h
e
e
n
t
r
a
i
n
-
ment
rate
of
the
s
e
d
i
m
e
n
t
s
s
h
o
we
d
a
great
d
e
p
e
n
d
e
n
c
e
on
the
w
a
t
e
r
and
clay
m
i
n
e
r
a
l
c
o
n
t
e
n
t
s
o
f
t
h
e
s
e
d
i
m
e
n
t
a
n
d
t
h
e
s
h
e
a
r
s
t
r
e
s
s
a
p
p
l
i
e
d
a
t
t
h
e
s
e
d
i
m
e
n
t
-
w
a
t
e
r
i
n
t
e
r
f
a
c
e
(
T
a
b
l
e
9).
T
h
i
s
p
a
r
a
m
e
t
e
r
i
n
c
r
e
a
s
e
d
w
i
t
h
i
n
c
r
e
a
s
i
n
g
w
a
t
e
r
c
o
n
t
e
n
t
a
n
d
a
p
p
l
i
e
d
s
t
r
e
s
s
.
A
t
f
i
x
e
d
v
a
l
u
e
s
o
f
s
h
e
a
r
s
t
r
e
s
s
a
n
d
w
a
t
e
r
c
o
n
t
e
n
t
,
t
h
e
e
n
t
r
a
i
n
m
e
n
t
r
a
t
e
w
a
s
s
h
o
w
n
t
o
i
n
c
r
e
a
s
e
a
s
t
h
e
s
e
d
i
m
e
n
t
a
r
y
c
l
a
y
c
o
n
t
e
n
t
i
n
c
r
e
a
s
e
d
.
A
m
u
c
h
l
a
r
g
e
r
s
h
e
a
r
s
t
r
e
s
s
w
a
s
n
e
e
d
e
d
t
o
o
b
t
a
i
n
e
q
u
i
v
a
l
e
n
t
o
r
g
a
n
i
c
s
e
d
i
m
e
n
t
e
n
t
r
a
i
n
m
e
n
t
r
a
t
e
s
c
o
m
p
a
r
e
d
w
i
t
h
t
h
e
s
e
d
i
m
e
n
t
s
o
f
l
o
w
o
r
g
a
n
i
c
content.
Fukuda's
(1978)
investigation
is
apparently
one
of
the
first
attempts
to
quantify
the
entrainment
rate
for
a
wide
variety
of
sediments
as
related
to
applied
shear
stress,
sediment
water
content,
and
clay
content.
Other
entrain-
m
e
n
t
e
xp
e
r
i
m
e
n
t
s
we
r
e
r
e
p
o
r
t
e
d
for
c
o
h
e
s
i
ve
soils
and
s
e
d
i
m
e
n
t
s
(Partheniades,
1965;
Raudkivi
and
Hutchinson,
1971;
Sargunam
et
a1.,
1973).
Although
these
e
xp
e
r
i
m
e
n
t
s
we
r
e
c
o
n
d
uc
t
e
d
in
a
h
i
g
h
ionic
s
t
r
e
n
g
t
h
m
e
d
i
u
m
(seawater),
the
results
suggest
a
strong
dependence
of
the
entrainment
process
upon
the
shear
stress
a
p
p
l
i
e
d
at
the
s
e
d
i
m
e
n
t
-
wa
t
e
r
—i
n
t
e
r
f
a
c
e
.
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 METHODOLOGY
Two
major
data
sources
were
used
to
assess
wave
orbital
velocity
and
sediment
resuspension.
Wave
height
data
were
obtained
from
the
four—volume
Summary
of‘Synoptic
Meterologieal
Observations
for
Great
Lakes
Areas
(SSMO,
1975)
published
by
the
National
Climatic
Center
(NOAA),
Asheville,
N.C.
Wave
period
data
for
the
various
areas
in
the
Great
Lakes
Basin
were
obtain—
ed
from
Resio
and
Vincent
(1976-1978).
Wave
height
and
period
data
were
used
to
generate
wave
orbital
velocities
and
the
potential
for
sediment
resuspension
in
selected
shoreline
zones
of
the
U.S.
Great
Lakes.
DELINEATION
OF
GREAT
LAKES
SHORELINE
ZONES
For
purposes
of
comparison
and
delineation
of
potential
"susceptible
areas"
for
resuspension,
nearshore
areas
of
each
of
the
Great
Lakes
were
divided
into
discrete
stretches
or
zones.
This
delineation
was
accomplished
with
two
considerations
in
mind.
First,
the
primary
wave
height
data
base
(SSMO,
1975)
divides
wave
height
data
into
13
major
Great
Lakes
areas
(Fig.
21).
On
the
basis
of
this
arrangement,
it
was
necessary
to
delineate
at
least
13
Great
Lakes
shoreline
zones.
Secondly,
in
the
interest
of
improved
discrimination,
it
was
important
to
futher
Subdivide
these
areas.
An
empirical
approach
to
this
process
was
taken.
For
example,
on
the
basis
of
the
wave
height
data
(SSMD,
1975),
Lake
Ontario
is
treated
as
a
single
area.
It
seemed
probable,
based
on
the
prevailing
westerly
winds
in
the
Great
Lakes
Basin,
that
the
eastern
shore
of
Lake
Ontario
might
be
more
Susceptible
to
resuspension
than
the
southern
shoreline.
Therefore,
at
least
two
nearshore
zones
were
designated
for
Lake
Ontario;
an
eastern
nearshore
zone
and
a
southern
nearshore
zone.
Similarly,
although
Lake
Michigan
is
divided
into
northern
and
southern
areas
(SSMO,
1975),
it
is
likely
that
there
are
signi-
ficant
differences
in
resuspension
probabilities
on
the
eastern
versus
the
western
shores
of
that
lake.
In
view
of
the
long
north-south
fetch,
it
is
also
likely
that
the
southern
and
northern
shorelines
of
Lake
Michigan
differ
in
resuspension
potential
compared
with
either
the
eastern
or
western
shore—
lines.
Thus,
Lake
Michigan
was
divided
into
six
discrete
areas:
north,
south,
northeast,
southeast,
northwest
and
southwest.
The
other
three
lakes
were
similarly
subdivided.
Saginaw
Bay
and
Whitefish
Bay
were
considered
separate
nearshore
zones
because
of
their
sheltered
positions.
The
nearshore
zones
which
were
designated
for
this
project
are
identified
in
Fig.
22.
WAVE HEIGHT DATA
As
mentioned
above,
wave
height
data
were
obtained
from
the
Summary
of
S
y
n
o
p
t
i
c
M
e
t
e
o
r
o
l
o
g
i
c
a
l
O
b
s
e
r
v
a
t
i
o
n
s
f
o
r
G
r
e
a
t
L
a
k
e
s
A
r
e
a
s
(SSMO,
1975).
TheSe
data
were
derived
from
shipboard
observations
during
the
period
1963-
1972.
Since
wave-sensing
equipment
was
not
used,
the
accurancy
of
the
data
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depends
upon
the
ability,
experience,
and
objectivity
of
observers
on
these
vessels.
The
data
should
thus
be
treated
as
relatively
good
estimates
rather
than
accurate
measurements.
In
spite
of
the
approximate
nature
of
these
observations,
this
infor—
mation
is
extremely
valuable
since
it
was
recorded
over
large
areas
of
all
of
the
Great
Lakes
under
a wide
range
of
lake
conditions.
No
other
available
source
of wave data
is
as
comprehensive
as
this
information.
Thus,
despite
the
limitations
inherent
in
utilizing
these data,
and
also
due
to
the lack
of a more
suitable
data
base,
the
SSMO
(1975)
data
were used
as
the
primary
data
for
our
assessment
of resuspension
potential
in
the Great
Lakes
near—
shore waters.
A sample extracted from this data base is presented in
Table 10.
A number of assumptions and qualifications necessarily accompany this
approach.
1.
It should be noted that these data are based on observations
made by ships in passage.
Such ships tend to avoid bad weather whenever
possible,
thus biasing the data toward good weather events.
Resuspension
estimates based on this information therefore are likely to be underestimated.
2.
It was assumed that the observed waves were "deepwater" waves.
Thus, it
was necessary to convert deep water heights (which can be obtained from the
SSMO (1975) data) to shallow water wave heights at various depths in order
to determine wave orbital velocities and the resultant sediment resuspension
potential in shallow nearshore areas.
This conversion method is discussed
later.
3.
Many of the observed waves are based on mid—lake reports.
Such
waves do not necessarily impinge on nearshore areas but the assumption was
made that all observed waves ultimately intersect nearshore areas.
In
systems as large as the Great Lakes, it is common to consider a whole lake
as the generating area for wind waves.
Therefore wave parameters (height
and period) were assumed to be homogeneous within a given wave generating
area (Liu and Kessenich, 1976). Liu and Kessenich (1976) compared wave
parameters obtained from shipboard observations to those obtained by fixed
wave riders at several sites in Lake Ontario. Their results indicated
that:
"the inference of wave parameter homogeneity within the lake area can
be considered as valid in a broad sense and thus this approach is generally
acceptable within a limited scope." This assumption will likely result in
an overestimate of resuspension occurrences. 4. Swell waves (those
generated by winds distant from the local area where the observation is
taken) are not included in the SSMO (1975) data. Since such waves are
likely very active in resuspension events, underestimation of the magnitude
of sediment resuspension will result. 5. A very important qualification
accompanies the determination of wave direction. As is evident from Table 10,
the data provides only wind direction versus the percentage occurrence of a
given wave height. It was assumed that wind from a given direction will
generate waves whose approach direction mirrors the wind direction. Thus,
when three foot waves are observed, and the wind direction is from the north,
our assumption leads to the conclusion that the observed waves are moving in
a southerly direction. Since wave heights are reported for wind directions
from eight compass points, the results of this assumption led to the c0up1ing
of either three or five different wind points with the appropriate wave
heights for each shoreline examined. It was deemednecessary to utilize
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SAMPLE
WAVE
HEIGHT
DATA
FOR
LAKE
SUPERIOR
(SOURCE:
SSMO,
NATIONAL
CLIMATIC
CENTER.
1975)
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 wave height occurrence percentages from the relevant three and five compass
points for each designated shoreline section. For example, wave data
relevant to possible sediment resuspension on the western shore of Lake
Michigan were obtained from wave height data for wind directions either from
the east, northeast or southeast, or from the east, northeast, southeast,
north and south. It was impossible to determine whether wave height data
from either three or five compass points were more appropriate to any given
stretch of shoreline. Thus, wave height data for each shoreline zone are
presented for both three and five compass points under Results and Discussion.
It might be speculated that the three compass point data are more appropriate
for bays or other sheltered areas. However, this hypothesis was neither
tested nor validated.
WAVE PERIOD DATA
Resio and Vincent (1976-1978) utilized wind/wave hindcasting techniques
to develop wave height and period parameters for each of nearly 200 sites on
the U.S. Great Lakes shoreline. The site locations for which wave parameters
were developed are shown in Figs. 23-27. Unfortunately, this impressive
effort was designed to predict the maximum wave that a coastal structure
might experience under severe weather conditions. Consequently, wave height
data are presented as maximum predicted waves for recurrence intervals of
5, 10, 20 and 100 years. The possibility that these data could be extrapolat-
ed to much lower recurrence intervals (i.e. l to 6 months) was explored
directly with these authors but suchwas found not to be possible. Resio and
Vincent (1976-1978) also provided information on predicted wave periods for
each of the 200 Great Lakes shoreline sites. The data were presented as
predicted periods for waves of various heights. Typical data showing signi-
ficant wave periods versus wave heights for a site on Lake Huron are present-
ed in Table 11 (Resio and Vincent, 1977). It can be seen that the wave period
information is provided for three discrete wave angle classes. These angle
classes represent waves approaching the shoreline from three different
directions. The three angle classes are defined as if viewed by an observer
standing on shore: angle class 1 — mean wave approach angle greater than 30
degrees to the right of normal to shore; angle class 2 - mean wave approach
angle within 30 degrees of either side of normal to shore; angle class 3 -
mean wave approach angle greater than 30 degrees to left of normal to shore.
In view of the manner in which wave height and wave direction were
obtained from SSMO (1975) (i.e. from the appropriate three or five wind
compass points), it was felt that an arithmetic average of the three wave
period values given for each wave height would be satisfactory for this study.
Furthermore, since our approach was to examine defined zones along the U.S.
Great Lakes shoreline, it was necessary to numerically average the wave
periods for all of the sites falling within these nearshore zones in order to
obtain a single value for the "typical" wave period in that nearshore zone.
In Table 12 are indicated those sites (Resio and Vincent, 1976-1978) which
were averaged to obtain typical periods for the nearshore zones of interest.
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FIGURE26 LAKE ERIE SITE LOCATIONS FOR WHICH WAVE HEIGHTS AND
PERIOD DATA WERE GENERATED BY WIND-WAVE HINDCASTING (SOURCE:
RESIO AND VINCENT, 1976). .
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 TABLE 11
SAMPLE WAVE HEIGHT vs. WAVE PERIOD DATA FOR A SITE
ON LAKE HURON (SOURCE:
GRID LOCATION 15,10 LAT = 44.03 LON = 82.71
GRID POINT NUMBER 8
SIGNIFICANT PERIOD (SEC) BY ANGLE CLASS AND WAVE HEIGHT
HAVE HEIGHT (FT) ANGLE CLASS
1 2
1
2&
4
2.
8
2 4.0 4.2
:5 5-0 5.0
4 5.8 5.5
5
6‘
2
6.
0
6 6,4 6.3
7 6;? 6.5
8 6,9 6.8
9 7‘2 7.0
10
7,
4
7.
3
11
7~
6
7.
6
12
7,
9
7.
8
13
8.
1
8.
1
14 8.3
15
8.
6
8.
6
16 8‘8 8.9
17 9,1 9.1
18
9‘
3
9.
4
19 9-6
20
9.
8
9.
9
21
lo
go
10
.2
22
10
,3
10
.4
24 10.8 10.9
25 11,0 11.2
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 TABLE 12
LAKE
SEGMENTS
AND
SITES
WITHIN
SEGMENTS
FOR
WHICH
WAVE
HEIGHTS
AND
WAVE
PERIOD
DATA
WERE
GENERATED
BY
WIND—WAVE
HINDCASTING
 
LAKE
SEGMENTa
SITEa
Superior
A.
North
1—12
B. Duluth—Superior 12—14
C. West 14-26
D.
West
Central
27—34
E.
Keweenaw
35-39
F.
East
Central
40-48
G.
East
49—53
H.
Whitefish
Bay
54-57
Michigan
A.
North
57—64
B. Northwest 43—56
C.
Southwest
32-43
D.
South
27-31
E.
Southeast
15-27
F.
Northeast
1—15
Huron
A.
North
24—28
B.
North
Central
17-23
C. Central 13—16
D.
South
Central
11—12
E.
Saginaw
Bay
8-10
F.
South
2-8
G. St. Clair River 1
Erie
A.
West
1-2
B.
West
Central
2—7
C.
East
Central
7-15
D.
East
16—24
Ontario
A.
West
1-8
'
B.
Central
8—14
C.
East
14-17
aRefer
to
Fig.
22
for
lake
segmentation
and
Figs.
23
to
27
for
sites
within
segments.
60
 category were used. For example, the SSMO (1975) data provide percentage
occurrences for waves in the 3 to 4 foot (0.9—1.2 m) category. Periods for
various nearshore zones were established utilizing the wave period Versus
wave height tables presented by Resio and Vincent (1976—1978) by determining
the relevant period for a 4 foot (1.2 m) wave. Thus, in each case where a
wave height range is indicated, the wave period is determined for the highest
wave height for that category.
Both wave height and significant wave periods developed by Resio and
Vincent (1976—1978) were devised to apply to deep water waves. Since
estimates of sediment resuspension and wave orbital Velocity involve wave
effects in shallow water (therefore involving shallow water anes) it was
necessary to convert deep water wave periods to appropriate shallow water
parameters at the selected depths. The method used to convert deep water
wave periods to shallow water conditions is covered below.
CALCULATION OF WAVE ORBITAL VELOCITIES
The orbital velocity of the near—bottom wave motion can be predicted by
the relationship described by Komar and Miller (1973):
u = WH
m
T sinh ¢%E5 (l)
where um is the bottom orbital velocity (ft/sec x 30.48 cm/ft = cm/sec), H is
the significant wave height (ft), T is the significant wave period (sec), d is
the water depth (ft) under consideration, and Ld is the wave length (ft) at
depth d. The wave length Ld is given by
_ 2nd
Ld - Lo tanh (~if) (2)
with
2
L =5T— = 5.12122 (3)
0 2H
where L is the deep water wave length (ft). Values of d/L were obtained from
Table Cgl of the Shore Protection Manual, Vol. 3 (U.S. Army Engineering
Research Center, 1973) after calculating d/LO. Since the wave height data
used were assumed to be deep water, their correction to shallow water wave
heights are necessary. This was done by multiplying the resulting orbital
velocities obtained with equation (1) by the ratio of the shallow water wave
height (H) to the deepwater wave height (Ho') which was obtained from Table
C-l.
Tab
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of
orb
ita
l v
elo
cit
ies
wer
e g
ene
rat
ed
thr
oug
h a
com
put
er
pro
gra
m
61
  
i. a:
 (Appendix
1)
for
the
following
depths:
4.6
m
(15
ft),
9.1
m
(30
ft),
18.3
m
(60
ft),
and
36.6
m
(120
ft).
Representative
values
for
the
18.3
m
depth
are
shown
in
Appendix
2.
Orbital
velocities
corresponding
to
the
actual
wave
heights
and
wave
periods
compiled
for
the
U.S.
Great
Lakes
were
interpolated
from
Appendices
2
through
5.
These
resultant
values
are
shown
in
Table
16
to
20
in
Results
and
Discussion.
CALCULATION
OF
SEDIMENT
RESUSPBNSION
In
order
to
compute
the
quantity
of
sediment
resuspended,
it
was
necessary
to
transform
the
wave
orbital
velocities
(Tables
16
to
20
in
Results
and
Discussion)
to
shear
stress
and
then
to
relate
this
stress
to
entrainment
rate.
Entrainment
or
resuspension
will
only
occur
at
stress
values
above
a
critical
stress
level
as
discussed
earlier.
If
shear
stress
T
is
related
to
shear
velocity
u*
by
T
=
p74,.2
(4)
where
p
is
the
density
of
water,
then
the
relation
between
um
and
u,e
is:
1/2
u*
=
(0.5
Cf)
um
(5)
where
Cf
is
the
dimensionless
drag
or
friction
coefficient
(Komar
and
Miller,
1973).
The
relationship
of
T
and
u%zis,
therefore:
_ 2
T
—
0.5
Cf
um
.
(6)
Riedel
and
Kamphuis
(1973)
have
shown
that
for
oscillatory
flow,
Cf
depends
on
flow
conditions
and
bottom
roughness.
Using
the
graphical
method
proposed
by
these
authors
for
prevailing
conditions
in
Lake
Erie
(T
=
2—5
sec,
u
=
2-100
cm/sec),
Lam
and
Jaquet
(1976)
estimated
that
Cf
varies
between
0W103
and
0.003
.
Based
on
these
data,
and
using
equation
(5),Lam
and
Jaquet
(1976)
developed
the
relation
between
u*
and
u
(Table
13).
Cf
values
were
obtained
from
Table
13
at
T
=
5
sec
and
plotte
against
orbital
velocities
(Fig.
28).
The
5
sec
wave
period
was
selected
because
this
likely
approxi-
m
a
t
e
s
the
a
ve
r
a
g
e
w
a
v
e
p
e
r
i
o
d
that
o
c
c
ur
s
in
the
Great
Lakes.
The
entrainment
rates
for
clayey
and
sandy
Lake
Erie
sediments
reported
by
Fukuda
(1978)
were
utilized
in
the
computation.
The
shear
stresses
and
entrainment
rates
were
averaged
for
a
given
range
of
water
content
and
are
shown
in
T
a
b
l
e
14.
T
h
e
a
p
p
a
r
e
n
t
b
r
e
a
k
d
o
w
n
of
l
i
n
e
a
r
i
t
y
in
the
r
e
l
a
t
i
o
n
s
h
i
p
b
e
t
w
e
e
n
s
h
e
a
r
s
t
r
e
ss
and
e
n
t
r
a
i
n
m
e
n
t
r
a
t
e
at
l
o
we
r
and
h
i
g
h
e
r
s
h
e
a
r
s
t
r
e
s
s
e
s
is
d
e
m
o
n
s
t
r
a
t
e
d
in
Fig.
29.
H
o
we
ve
r
,
for
the
p
u
r
p
o
s
e
of
this
study,
and
due
to
the
p
a
u
c
i
t
y
of
data,
curves
w
e
r
e
"
l
i
n
e
a
r
i
ze
d
"
at
l
o
we
r
and
h
i
g
h
e
r
values.
E
n
t
r
a
i
n
m
e
n
t
r
a
t
e
s
f
o
r
t
h
e
L
a
k
e
E
r
i
e
C
e
n
t
r
a
l
B
a
s
i
n
s
a
n
d
y
s
e
d
i
m
e
n
t
w
e
r
e
u
s
e
d
for
a
l
l
the
lakes
e
xc
e
p
t
the
W
e
s
t
e
r
n
B
a
s
i
n
of
L
a
k
e
Erie.
T
h
i
s
a
s
s
um
e
s
that
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 TABLE 13
RELATION BETWEEN ORBITAL VELOCITY (um)
AND SHEAR VELOCITY (uA) USING EQUATION 5
(LAM AND JAOUET, 1976)
“A, CM/SEC for
 
um, CM/SEC T = 2 SECa T = 5 SECa
2 0.5 o A
3 0.6 O 5
5 0.8 o 6
10 1.1 0.9
20 1.5 1.1
50 2.4 2.2
100 4.5 4.2
a . . . .
T = Slgnlflcant wave perlod.
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E
)
.
64
 TABLE 14
RELATION OF SHEAR STRESS AND ENTRAINMENT RATE FOR
LAKE ERIE SEDIMENTS (FUKUDA, 1978)
SHEAR STRESS Ta
DYNEs/CM2
WATER CONTENT
Z
ENTRAINMENT RATEa
MG/CMZ-SEC
Lake Erie Western Basin (38% Clay, 30% sand)
.60
76—82
76—80
77—80
77—79
79.2
Lake Erie Central Basin (34% clay, 43% sand)
3.40
71-75
71—76
71-76
72—75
72.3
1.1 x 10—3
1.6 x 10—3
2.1 x 10-3
3.4 x 10'3
4.4 x 10’2
5.0 x 10"1+
1.8 x 10‘3
2.3 x 10‘3
4.3 x 10—3
6.8 x 10'3
a
Values of shear stress and
of water content.
entrainment rate
65
were averaged for a given range
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BETWEEN
SHEAR
STRESS
AND
ENTRAINMENT
RATE
(DATA FROM FUKUDA, 1978).
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the
sediment
characteristics
of
the
nearshore
zones
in
the
other
lakes
are
similar
to
those
of
the
Central
Basin
sediment
of
Lake
Erie.
Values
of
Cf
were
interpolated
between
end
points
of
the
linear
or
"linearized"
portion
of
the
curve
in
Fig.
28
for
various
orbital
velocities
through
a
computer
program
developed
at
the
Water
Resources
Center
of
the
University
of
Wisconsin
(Appendix
6).
This
was
also
done
for
the
entrainment
rates
at
different
shear
stresses
(Fig.
29).
The
program
converted
orbital
velocities
to
shear
stresses
using
equation
(6)
and
cal—
culated
the
amount
of
sediment
resuspended
at
given
shear
stresses
in
units
of
metric
tons/kmz—day
using
the
equation:
Resuspension (metric tons/kmz—day) =
Entrainment
rate
(mg/cmz-sec)
x
8.64
x
105
(7)
The
computer
program
output
is
given
in
Appendix
7.
Finally,
the
quantity
of
sediment
resuspended
in
various
segments
of
the
U.S.
Great
Lakes was
computed
using
the
following
equation:
A
=
Z
(
R
x
D
)
(8)
where
A
is
the
annual
resuspension
unit
load
(metric
tons/kmz—yr),
R is
the
resuspension rate
(metric
tons/kmz—day
from Appendix 7);
and D
is
the
number
of
days
per year
in
each wave
height
category during
which
resuspen—
sion might
occur.
An
example
of this
computation
is provided
in Table
15 for
selected segments of Lake Michigan.
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 T
A
B
L
E
1
5
COMPUTATION OF THE QUANTITY OF SEDIMENT RESUSPENDED
WIND
WAVE HEIGHT,
DIRECTION
FT
ANNUAL WAVE FREQUENCY
P ’
 
Z
In
DAYS
CM/SEC
T)
DYNES/CM
RESUSPENSION
 
RATE“, MTb/KMz—DAY
LOADc, MT/KMz-YR
s, SE, sw
M
M
C
W
M
M
Q
N
N
o
c
>
m
u
\
N
H
c
>
c
>
o
H
H
o
o
o
A. Lake Michigan North
c
O
M
\
T
<
1
'
H
I
\
M
I
\
I
\
.
M
Q
N
N
O
K
Q
H
O
O
d
d
27.86
283.25
1,612.42
3,248.27
4,809.89
5,788.47
5,875.20
1,320
7,761
14,673
15,267
7,215
4,052
4,113
Total
Mean
6
8
25.19 92.09
54
,4
01
59
1f
 
E, NE, SE
O
‘
U
‘
Q
W
N
L
H
N
O
H
W
N
N
Q
H
C
O
O
O
B. Lake M
ichigan No
rthwest
<O.36
<0.36
1.09
1.98
2.80
4.81
8.39
10.57
>17.50
27.86
372.28
1,693.87
3,475.37
5,069.70
5,87
5.20
5,87
5.20
75
2
6,1
05
7,4
53
6,
25
6
351
51.
9
0
2,3
50
Total
khan
0
‘
MH
26,
465
51
9f
ZObtained from Appendix 7.
cMetric tons.
eNo resuspension.
dObtained by multipl
ying rate of resuspe
nsion by number of d
ays that there is re
suspension.
ave frequency and number of days where wave characteristics are not sufficient to cause resuspenaion are excluded.
Obtained by dividing total annual load by total. number of days that there is resuapension.
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RESULTS AND DISCUSSION
FREQUENCY OF RESUSPENSION
The annual wave frequencies and orbital velocities compiled for specified
nearshore zones are presented in Tables 16 through 20. Annual wave frequen—
cies for the different wave height classes are presented as a function of wind
direction, i.e. when the wind is from both the three and five designated
compass points. Wave height and period data in the tables assume deepwater
conditions. These values were corrected to reflect shallow water conditions
prior to calculation of orbital velocities at the indicated depths. The
annual wavefrequencies and orbital velocity values taken together were used
to estimate sediment resuspension. The degree of sediment resuspension was
estimated by calculating the frequency (i.e. number of days/year) that resus—
pension is expected to occur in the nearshore segments of the Great Lakes, and
making semi—quantitative estimates of the amounts of sediment per unit area
resuspended in the nearshore segments.
If threshold orbital velocities (the point at which sediment just begins
to move) are given, it is possible to calculate the maximum percentage of
time that sediment resuspension will occur at a specific depth in a given
nearshore zone. Since sediment movement is related to grain size, cohesive—
ness and water content, it is impossible to utilize a threshold velocity
which applies to more than a few very limited and specific sites. For purposes
of comparison, however, a threshold velocity of 5 cm/sec was selected to re—
present threshold values for nearshore sediments. This value was used along
with
data
pres
ente
d in
Tabl
es 1
6 th
roug
h 20
to c
alcu
late
the
maxi
mum
time
1
(days
/year
) th
at s
edime
nt re
suspe
nsion
occur
s at
a dep
th of
60 ft
in th
e
‘
nearshore zones of the Great Lakes (Table 21).
RESUSPENSION ESTIMATES
Regional Distribution
Qua
nti
tie
s o
f s
edi
men
t r
esu
spe
nde
d f
or
the
dif
fer
ent
seg
men
ts
of
the
U.S
.
Gre
at
Lak
es
nea
rsh
ore
zon
es
are
pre
sen
ted
in
Tab
le
21
bas
ed
on
cal
cul
ati
ons
usi
ng
thr
ee
and
fiv
e w
ind
dir
ect
ion
s.
The
ass
ump
ati
ons
mad
e i
n t
he
cal
cul
a-
tio
ns
are
:
l.
the
dep
th
of
the
nea
rsh
ore
zon
e i
s 1
8 m
(60
ft)
, 2
. l
ate
ral
mov
eme
nt
due
to
cur
ren
ts
nea
r
the
sed
ime
nt-
wat
er
int
erf
ace
is
abs
ent
,
3.
all
par
tic
les
ran
gin
g
fro
m
san
d
to
cla
y
siz
e a
re
res
usp
end
ed
in
the
wat
er
col
umn
,
4.
se
di
me
nt
s
in
th
e
ne
ar
sh
or
e
zo
ne
of
al
l
th
e
la
ke
s
ar
e
cl
as
si
fi
ed
as
on
e
ty
pe
——
sa
nd
——
ex
ce
pt
th
e
fi
ne
se
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nt
in
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si
n
of
La
ke
Eri
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eff
ect
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usp
ens
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is
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e.
Fur
the
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re,
ove
r—
lap
pin
g r
esu
spe
nsi
on
is
not
tak
en
int
o
con
sid
era
tio
n,
thu
s t
he
val
ues
pre
sen
ted
on
an
an
nu
al
ba
si
s
li
ke
ly
in
cl
ud
e
se
di
me
nt
s
re
su
sp
en
de
d
mo
re
th
an
onc
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VELOCITIES A
T VARIOUS D
EPTHS - LAKE
MICHIGAN
TABLE 17
WIND DIRECTI
ON. WAVE CH
ARACTERISTIC
S AND RESULT
ANT ORBITAL
  
1
)
2
)
1
)
2
)
1
)
2
)
1
)
2)
BIND DIRECTION
s,
52,
SH,
z, u
S, S
E, S
H
2, NE,
a, xx,
2,
x2,
2.
NE.
N, NE,
N, NE,
5!, N, S
S
E
SE, N, S
SE
HAVE HEIGHT
(F
T)
ANNUAL WAVE FR
EQUENCIES (Z)
 
WAVE PERIOD
(1)
(2)
(SEC)
a b
Lake M1ch1gan:North
m
m
o
m
m
m
v
m
m
O
O
F
N
N
H
O
O
O
—
.
—
1
v
-
‘
v
-
(
H
m
m
q
—
(
o
w
‘
n
m
w
o
m
w
H
6
a
o
o
o
m
w
m
q
w
a
c
m
N
V
e
t
/
1
0
0
1
\
t
h
ORBITAL VELOCITIES (CH/SEC) AT
15 FT
13.4
29.7
68.9
109.9
131.0
175.9
217.8
238.9
355
.6
30
FT
5.
7
13.9
36.3
60.2
72.1
98
.2
126
.2
141.3
202.2
60 FT
72.8
10
5.
120 FT
O
N
C
O
C
C
Q
J
E
D
N
.
‘
0
0
-
d
a
n
a
n
H
N
N
v
Lake H1ch13an:Northuest
10
.0
14
.7
16
.9
10.5
w
w
w
m
r
x
m
w
-
A
O
Q
Q
W
G
D
N
N
m
O
-
o
n
q
u
u
-
I
N
O
H
m
e
r
x
‘
l
—
t
O
O
O
O
lake H1ch1gnn:$outhuest
10.0
14.7
16.9
10.5
m
m
§
m
N
m
N
O
~
M
O
N
U
D
Q
O
‘
Q
D
‘
N
N
c
q
m
o
o
r
s
t
m
n
u
n
q
—
«
O
O
O
O
D. Lake
Michigan2
80uth
n
o
o
o
o
‘
c
o
-
«
H
\
7
N
0
w
N
—
«
O
o
o
H
§
m
O
Q
O
O
N
A
H
Q
N
O
N
M
N
O
O
O
m
a
m
A
N
y
C
Q
e
N
Q
—
q
m
x
1
~
7
m
~
o
~
o
s
v
~
m
o
x
13
.4
29
.7
68.9
110
.6
131.6
176.8
219
.0
240
.4
357.1
13.
1»
30.3
65
.9
112.3
134
.4
177.3
219
.5
240.8
359
.0
12.9
29.2
66
.0
109.9
130
.9
176.3
219
.0
240.4
360
.0
5.
5
1
4
.
4
36.3
61
.8
74.9
101.6
130.5
146.1
208.7
4.8
13
.2
34.6
59.9
71.9
99.5
129
.0
144
.6
210
.8
O
v
a
‘
O
-
Q
O
O
-
d
o
.
.
.
G
a
n
n
n
q
m
m
m
H
N
N
G
o
N
w
w
h
n
h
m
N
o
o
a
w
m
r
ﬂ
m
—
a
H
N
N
I
I
“
o
u
q
o
o
o
o
O
v
-
I
C
o
—
o
m
t
h
m
N
I
-
{
N
N
I
h
 
aAnnual w
ave frequ
ency when
wind dire
ction is
from five
designated
compass p
oints.
b
 
Annual wave fr
equency when
91nddirection
is from three
designated com
pass points.
 TABLE
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(CONT.
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ANNUAL WAVE FREQUENCIES (Z)
WAVE HEIGHT
a
b
WAVE PERIOD
ORBITAL VELOCITIES (CM/SEC) AT
WIND DIRECTION
(FT)
(1)
(2)
(SEC)
15 FT 30 FT 60 FT 120 FT
 
E.
Lake
Michigan:Southeast
14.1 6.1
30.8
15.0
70.2 37.7 1
112.9
62.4
2
136.5
75.9
3
177.8 102.6 5
220.1
131.5
68.5
265.2 146.8 77.6
360.0
210.8
116.7
m
O
O
h
O
I
ﬁ
O
M
M
Q
W
Q
O
N
N
C
D
U
D
O
‘
o
o
o
o.
1)
w, Nw
, sw
, N,
s
2)
w,
NW
,
SW
7
0
.
n-
O
N
H
U
‘
M
N
N
O
M
O
O
N
O
O
‘
0
Q
O
N
N
M
N
N
G
D
Q
Q
H
O
I
n
O
‘
N
O
N
v
-
I
O
O
O
m
m
N
N
O
M
W
M
N
.
O
‘
O
N
W
U
‘
A
N
O
O
O
H
N
M
I
A
.
7
3
F. Lake MichiganzNortheast
13.2
30.3
1
69.5
112.3
135.8
7
177.3 101.5
220.1
131.5
240.8 145.6 76.6
360.0 210.8 116.7
u
u
en
oo
o
N
o
m
x
o
O
~
<
r
O
N
m
.
c
e
m
e
o
m
a
o
o
o
m
\
D
w
r
—
(
H
M
M
W
N
H
\
T
Q
M
O
M
H
O
O
O
H
H
1) Nw, N,
w, NE, sw
2)
NW.
N.
W
7
C
>
N
O
\
¢
)
h
-
F
3
h
-
Q
m
0
(
3
H
‘
e
-
«
:
w
~
<
-
w
N
o
F
-
G
>
F
1
h
-
N
h
.
m
N
w
-
¢
o
\
<
-
q
-
N
o
o
c
o
H
N
N
W
13—16
aAnnual wave frequency when wind direction is from five designated compass points.
bAnnual wave frequencywhen wind direction is from three designated compass points.
 
 
 
0.0
0.1
1.6
5.5
7.0
120 PT
60
FT
0
.
3
3.
]
13.1
65.3
0.1
2.2
3.2
13.2
35
.0
59.1
71.
98
1.8
11.5
126.5
ORBITAL
VELOCITIFS
(CH/SEC)
AT
30 FT
10
29.2
67.6
109.3
130.9
175.9
217.8
8.6
27.4
 
15 FT
3.
6
6.3
6.6
7.1
7.6
3.
2
(
S
E
C
)
5.7
——-——
VAVE
PERIOD
North
b
(2)
9.1
10.5
10.6
5.2
1.3
0.6
0.2
:North
Central
8.1
H
FREQUENCIES
(Z)
Lake Huron
TABLE
18
WIND
DIRECTION.
HAVE
CHARACTERISTICS
AND
RESULTANT
ORBITAL
(1)a
A.
14.9
18.0
17.8
9.
1
2.7
1.3
0.4
Lake
Huron
12.4
ANNUAL
HAVE
8.
VELOCITIES
AT
VARIOUS
DEPTHS
—
LAKE
HURON
VAVE
HEIGHT
(Fr)
10—11
<1
1-2
HIHD
DIRECTION
S,
SE,
5”,
E.
V
S,
5!,
SH
1
)
2)
 
 
 
 
36.6
59.
66.9
109.3
3
5
NE,
N.
2,
NW,
SE
NE,
N,
E
1
)
2)
V
»
12.8
20.8
1.8
21
.6
25.8
69.
31.5
6
8
.
0
0.2
13.6
65.5
112.6
71.0
98.5
126
36.2
60.8
72.9
99.5
127.7
206.7
128.9
175.9
217.8
9.6
29.2
68.9
110
.6
131.6
176.3
218.4
357
.1
7.6
3.5
5.8
0.6
0.2
7.7
6.2
0.3
South Central
Lake
Huron:Centra1
0.5
Lake
Huron
12.8
15.4
C.
0.
10-11
13416
8
9
10—11
8,
NE.
58,
N,
S
2,
NE,
SE
1
)
2
)
 
 
0
1
3
2
5
9
7
6
6
.
.
.
.
.
.
.
.
.
0
0
1
4
6
1
9
1
.
6
l
1
2
k
2
2
5
3
5
0
.
0
5
0
0
2
1
4
l
0
3
l
1
2
3
3
4
5
2
5
0
5
7
8
s
u
n
—
3
6
6
7
7
7
8
4
5
6
7
1
6
1
0
0
.
.
.
.
.
.
.
.
.
8
a
6
3
1
0
o
0
0
sN
3
B
E
S
S
n
o
E
:
N
N
I
;
E
E
\
l
)
1
2
 
Annual wave frequency when wind direction 18 from five designated compass points.
Annual wave frequency when wind d1rection is from three designated compass points.
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b
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L
E
1
8
(
C
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m
.
)
  
O
R
B
I
T
A
L
V
E
L
O
C
I
T
I
E
S
(
C
K
/
S
E
C
)
A
T
A
N
N
U
A
L
W
A
V
E
F
R
E
Q
U
E
N
C
I
E
S
(
Z
)
“
a
.
(
1
)
a
a
)
"
6
0
P
T
1
2
0
F
T
3
0
F
T
 
1
5
F
T
W
A
V
E
P
E
R
I
O
D
(
S
E
C
)
H
A
V
E
H
E
I
G
H
T
(
H
)
W
I
N
D
D
I
R
E
C
T
I
O
N
 
:
S
a
g
i
n
a
w
B
a
y
L
a
k
e
H
u
r
o
n
E
.
.
0
.
0
0
.
0
6
.
3
2
.
8
7
1
3
.
4
 
0965977
006008871
006985567
00561948
0015720‘5
000240713
1126
122‘
1124
61350084
061250387
016540575
123‘671
12
‘67
225660
1
1
1
33305281
83‘99
580
097309975
02817505
005918602
020684260
ABS—[9260
3579240
3469230
112
112
112
33696396
936999896
7214521011
64783786
467905785
063451675
26027135
6037135
6027135
111223
111223
111223
23250589
727461687
711928356
45667778
245667778
135566778
.
I n 8
w. m m
m n 1
.1 O
h
o
P
t
t
D.
u 1 a
0
a
8
9
S
1
.
8
8
25379a11
n“.
456716100
C
4144211521
E
m.
87410000
m
886310000
t.
799521000
Wm
.m
w
c
d
n e
e a .u t
k
r
t
a
[4.3721000
464721000
8
255831000
.1 B
11
n
111
k
111
5
e
F
u
e
d
d
e
. w. n
G 1 h
f r.
r. r
f f
a a _
1 1
1
6
1
6
1
6
n
‘
46
91
1
2‘6
91
1
246
91
1.
0”
<
___7_@2—
1...7.mz.
1___7-$2_
1.1
135 8 13 (135 a 13 <135 8 13 t t
1
1
1
1
1
1
C
C
e e
r r.
.1 .1
d d
d ,
mm.
mm m
.n N
w v
a q _
E
s H n n
s
.
m
m.
.. ,
V E q
m
.
.
mm
.
3
mm
.. s
E
.
.
.v.
u
.. p, ..
8
a
s
a
a
n
u
M
N
N
N
u
v
.
..
A
ID
I!
1
l
V
m M
E B
N N
m u
\le \le \I\} m m w
12 12
12
I b
   
um
120 FT
60 FT
17.3
27.4
43.2
59.9
0.0
0.6
10.1
FT
6.3
31.5
50.9
67.
93
121
.7
0.6
ORBITAL VELOCITIES (CM/SEC) AT
3
0
4.
4
21.2
99.5
124.8
3.
7
21.2
4
.
63.7
169
.2
 
15
FT
215.5
(SEC)
2.5
3.6
5.2
5.5
7.2
2.4
HAVE PERIOD
3.6
5.3
West
 
West Central
b
(2)
8.3
11.0
6.6
2.8
0.7
0.2
7.1
10.2
TABLE
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WIND DIRECTION. WAVE CHARACTERISTICS AND RESULTANT ORBITAL
Lake Erte
Lake Erie
A
.
19.3
13.0
5.3
1.3
0.3
0.1
12.7
ANNUAL HAVE FREQUENCIES (1)
(1
)“
a
.
VELOCITIES AT VARIOUS DEPTHS - LAKE ERIE
(
F
T
)
HAVE
HEIGHT
"IND DIRECTION
1) 2. NE, 52, u, s
2).
2,
NE
,
SE
 
 
 
0
0
6.3
2.3
7.4
3.
4
0.9
16.9
12.7
10
5
17.5
64.2
0.5
21.5
6
55
.5
94.9
122.9
216.1
5.9
6.8
7.3
0.3
0.1
Lake Erie:£ast Central
5.9
1.6
0.5
0.1
C
.
1) N8, N, E. SE, NW
2) NE. N. E
 
 
m
m
m
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TABLE 21
QUANTITIES or SED1MENT RESUSPENDED IN THE NEARSHORE ZONE (188)
OF THE U.S. GREAT LAKES
 
AMOUNT OF SEDIHENT RESUSPENDED
DAYS OF RESUSPENSION
  
PER YEAR METRIC TONS/KMZ-YEAR METRIC TONS/1012mm“
LAKE SEGMENT
1b
2c
1b
zc
1b
2U
Lake Superior
A. North
116
38
82,884
18,552
714
488
B. Dduth-Superior 117 85 63,938 55,142 546 649
C. West 135 91 84,444 58,298 626 641
D. West Central 153 88 128,575 78,099 840 887
E. Keweenaw Bay 131 62 90,222 43,226 689 697
F. East Central 142 98 137,745 97,195 970 992
C. East 127 91 103,866 80,611 818 886
H. Whitefish Bay 134 94 79,154 62,241 591 662
Mean 132 81 96,354 61,670 724 738
Lake Michigan
A. North 131 92 75,043 54,401 573 591
8. Northwest 122 51 74,754 26,465 613 519
C. Southwest 122 51 87,018 29,684 713 582
D. South 133 92 80,307 62,768 604 682
E. Southeast 168 97 138,039 74,960 822 773
F. Northeast 153 105 113,254 78,141 740 744
Mean 138 81 94,736 54,403 678 648
Lake Huron
A. North
114
65
46,843
23,035
411
354
8. North Central 109 50 48,616 21,614 446 432
C. Cuntra] 97 49 66,628 42,555 687 868
0. South Central
96
44
48,342
18,333
509
417
E. Sag1nau Bay 97 55 52,616 34,211 542 22
F. Snuth 96 44 52,441 19,960 546 454
G. St. Clntr Rlver 111 69 47,240 36,849 426 534
Mean 103 54 51.889 28.081 510 526
Lake Erie
A. West
73
38
89,770
50,825
1,230
1,338
8. West Central 76 44 112,817 68,489 1,484 1,556
C. East Central 94 50 59,207 35,746 630 715
D. East 94 50 59,207 35,746 630 715
Mean 84 46 80,250 47,702 994 1,081
Lake Ontario
A. West 69 32 18,589 6,821 269 213
B. Central 69 32 18,209 6,618 264 207
C. East
77
63
13,161
11,333
171
180
Mean 72 42 16,653 8,257 235 200
aobtained by dividing annual resuspension by number of days that resuspension occurs in
a year.
Represents 5 prevailing wind directions.
Represents 3 major prevailing wind directions.
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Normalizing
the
data
on
a
daily
basis,
considering
the
number
of
days
of
resuspension,
probably
gives
a better
indication
of
the
actual
amount
resuspended (Table 21).
Calculated
annual
quantities
of resuspension
based
on five wind
direc—
tions
possibly
represent
the
extreme
upper
limit
of
resuspension.
The
ensuing discussion,
however,
focuses on annual values obtained for three wind
directions.
The three wind direction method more likely approximates the
major prevailing winds necessary to generate resuspension—causing waves in
the nearshore zone.
Regional differences in resuspension are evident within lakes
(Figs.
30
to 34). The magnitude of sediment resuspension is closely related to the
frequency (number of days) of occurrence of wind—generated waves strong enough
to resuspend bottom sediments.
Sediment type also has a strong influence on
resuspension and this is demonstrated clearly in Lake Erie (Fig. 33). Greater
amounts of sediment are resuspended in the west and west central segments
than in the east central and east segments despite the greater number of days
of resuspension that could occur in the latter two segments. It should be
recalled that fine sediments, which are easily resuspendable, predominate in
the western basin of Lake Erie. I
It appears that the quantity of sediment resuspension per unit area
varies among lakes and follows the order of Lake Superior > Lake Michigan >
Lake Erie > Lake Huron > Lake Ontario. This comparision should be interpreted
cautiously, however, since local sediment variation within lakes is extremely
difficult to assess from the available generalized sediment surveys.
Comparison with Experimental Data
In situ measurements of resuspension in the nearshore zones of the U.S.
Great Lakes have been limited. Investigations have been conducted in western
Lake Superior (Sydor, 1975), in the western basin of Lake Erie (Herdendorf and
Zapotosky, 1977), and at the mouth of the Genesee River near Rochester
(GLL, 1976). These findings and the methods of estbnating resuspension are
reviewed briefly for each of these studies before comparisons between observed
and predicted values are made.
Evaluation of red clay turbidity plumes in western Lake Superior (Duluth—
Supe
rior
area
) i
ndic
ates
the
sign
ific
ance
of r
esus
pens
ion
as a
sour
ce o
f
turbidity in the lake. Using remote sensing information to identify the origin
of p
arti
cula
tes,
mate
rial
s co
uple
d wi
th i
n si
tu s
ampl
ings
of t
urbi
dity
plum
es,
Sydo
r (1
975)
has
esti
mate
d th
e re
lati
ve c
ontr
ibut
ions
of s
hore
line
eros
ion,
resuspension and tributary loadings to overall lake turbidity (Table 22).
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il
are
res
usp
end
ed.
Thi
s a
mou
nts
to
a
tot
al
of
1.5
6 x
106
met
ric
tOn
s p
er
yea
r
alt
hOu
gh
thi
s v
alu
e
inc
lud
es
mat
eri
al
whi
ch
has
bee
n d
ist
urb
ed
mor
e t
han
onc
e.
Res
usp
ens
ion
inv
olv
es
sed
i-
me
nt
s
de
po
si
te
d
at
de
pt
hs
up
to
21
m
(N7
0
ft)
.
Tu
rb
id
it
y
pl
um
es
oc
cu
r
 
79
8
0
  
SEGMENT
DAYS
RESUSPENSION
(MT/KMZ-YR)
38
19,000
85
55,000
91
58,000
88
78,000
62
43,000
98
97,000
91
81,000
94
62,000
Mean
81
63,000
<
¢
Q
Q
Q
L
I
J
L
H
O
§
=
GRAM) PORTAGE - ‘
  
,
_
,.
DUIUIU
(J 3
x7”: "
0"
1‘1/
~"‘ "’
O
n
4_ ,
)5,
’
.o\’-“"
(r"7
V
J
I
’
I
‘n:'
..a
F
I ‘
summon
-
.
j"!
- v
‘ k
‘
I
‘
g
_
..
~
-
"
‘
MAE!
ASNLAND
MARQUUH ' (CK/.-
"
5”” STD
 
Statute "Hes
Ffv=l::‘_):.
.._‘l‘_:: E355
l'I
ﬂ
NY
(U
VI
‘45
Kilometers
.’ I;
ll
.4!
'I U
LU
“H
 
Depths
In
fathom;
(l
Fathom
=
6
Feel
‘
1.8
Haters)
 
FIGURE
30
ANNUAL
FREQUENCY
(NUMBER
OF
DAYS)
OF
WIND-INDUCED
RESUSPENSION
AND
QUANTITY
OF
SEDIMENT
RESUSPENDED
(METRIC
TONS/KMz-YR)
IN
THE
U.S.
NEARSHORE
ZONE
(18
M)
OF
LAKE
SUPERIOR
USING
THREE
MAJOR
PREVAILING
WIND
DIRECTIONS.
   
MANISTXQUE . x“
  
   
    
      
   
    
   
lg -MACK[HAH CITY
ESCANABA .
- ARCADIA
Statute Hiles
c:IEEEZZZZEEEEEEZZZZEEEEE
IO o 10 20 30 Ho
Kilometers
20 U 70 MG 60 80
Depths In Fathoms
(1 Fathom = 6 Feet = 1.8 Meters)
   
   
 
    
  
  
    
   
  
 
a
Huw
wuz
u
SEG
MEN
T
DAY
S
RES
USP
ENS
ION
A 92 54,000
B 51 26,000
C 51 30,000
D 92 63,000
E 97 75,000
F 105 78,000
Mean 81 54,000
 
CZ
(MT/KMZ-YR)
CHICAGO I ‘ ‘: MXCHIGAN CITY
 
FI
GU
RE
31
AN
NU
AL
FR
EQ
UE
NC
Y
(N
UM
BE
R
OF
DA
YS
)
OF
WI
ND
—I
ND
UC
ED
RE
SU
SP
EN
SI
ON
AN
D
QU
AN
TI
TY
OF
SE
DI
ME
NT
RE
SU
SP
EN
DE
D
(M
ET
RI
C
TON
S/K
MZ-
YR)
IN
THE
U.S
.
NEA
RSH
ORE
ZON
E
(18
M)
OF
LAK
E
MIC
HIG
AN
US
IN
G
TH
RE
E
MA
JO
R
PR
EV
AI
LI
NG
WI
ND
DI
RE
CT
IO
NS
.
81
L
—
4
—
—
—
—
—
—
 
  
     
 
 
 
 
5‘»
K Ill
\
I.
x
ALPENA -
    
1»)
 
(J {C
'1 .
KI lometers
I
r
_
T
2
2
1
___
E
_
i
20
o
2:
n. I
so
a;
,4, . 099ths In Fathom:
if (1 Fathom * 6 Fee: 2 1.8 Meters)
j SEGMENT DAYS RESUSPENSIONa
 
A 65 23,000
B 50 22,000
} C 49 43,000
. D 44 18,000
mm1wmnéw'r E 55 34,000
F 44 20,000
G 69 37,000
Mean 54 28,000
a(MT/KMZ-YR)
I
FIGURE
32
ANNUAL
FREQUENCY
(NUMBER
OF
DAYS)
OF
WIND-INDUCED
RESUSPENSION
AND
QUANTITY
OF
SEDIMENT
RESUSPENDED
(METRIC
TONS/KMZ-YR)
IN
THE
U.S.
NEARSHORE
ZONE
(18
M)
OF
LAKE
HURON
U
S
I
N
G
T
H
R
E
E
M
A
J
O
R
P
R
E
V
A
I
L
I
N
G
W
I
N
D
D
I
R
E
C
T
I
O
N
S
.
82
  
 8
3
SEG
MEN
T
DAY
S
RES
USP
ENS
ION
51,
000
68,000
36
,0
00
36
,0
00
48,
000
(MT/K
MZ—YR
)
A
38
B
44
C
50
D
50
Mean 46
 
 
 
 
 
 
N
_ E
D B
UFF
ALO
 
TOL
EDO
I,
I
/
I
C,
a ‘
'
“
I :
Ilf_
Sta
tute
MiI
es
-
"
“ ”'
0
10
20
30
Ki1
ome
ter
s
I' H
I—
J
-
20
0
20
00
60
80
Dep
ths
In
Fat
hom
s
(1 Fa
thom
= 6 F
eet =
1.8 M
eters
)
 
FI
GU
RE
33
AN
NU
AL
FR
EQ
UE
NC
Y
(N
UM
BE
R
OF
DA
YS
)
OF
WI
ND
-I
ND
UC
ED
RE
SU
SP
EN
SI
ON
AN
D
QU
AN
TI
TY
OF
SE
DI
ME
NT
RE
SU
SP
EN
DE
D
(M
ET
RI
C
TO
NS
/K
MZ
-Y
R)
IN
TH
E
U.
S.
NE
AR
SH
OR
E
ZO
NE
(1
8
M)
OF
LA
KE
ER
IE
US
IN
G
TH
RE
E
MA
JO
R
PR
EV
AI
LI
NG
WI
ND
DI
RE
CT
IO
NS
.
   
  
-
O
S
H
E
G
O
R
O
C
H
E
S
T
E
R
C
N
I
A
G
R
A
F
A
L
L
S
SEGMENT
DAYS
RESUSPENSION
(MT/KMZ—YR)
Statute
M
T 95
A
32
7’000
DO"P_O
13*
2%
33’
1%
B 32 7 , 000
C
63
11,000
K110meters
Mean
42
8,000
l
F*4
F_*_.4
F___:q
20
0
20
L+0
60
80
Depths
In
Fathoms
(1
Fathom
= 6 Feet = 1.8
Meters)
  
F
I
G
U
R
E
34
A
N
N
U
A
L
F
R
E
Q
U
E
N
C
Y
(
N
U
M
B
E
R
OF
D
A
Y
S
)
OF
W
I
N
D
—
I
N
D
U
C
E
D
R
E
S
U
S
P
E
N
S
I
O
N
A
N
D
QUANTITY
OF
S
E
D
I
M
E
N
T
RESUSPENDED
(METRIC
T
O
N
S
/
K
M
2
~Y
R
)
IN
THE
U.S.
NEARSHORE
ZONE
(18
M)
OF
LAKE
ONTARIO
USING
THREE
MAJOR
PREVAILING
WIND
DIRECTIONS.
 TABLE 22
ANNUAL SOURCES OF LAKE TURBIDITY IN
 
WESTERN LAKE SUPERIORa (SYDOR, 1975)
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 primarily during periods of easterly winds.
Herdendorf and Zapotosky (1977) investigated sediment resuspension in
the Western Basin of Lake Erie using sediment collection devices placed on
bedrock reefs and shoals. Data obtained from these devices indicated
considerable deposition of sediments (over 200 mm annually) during the spring,
summer and fall of 1967, 1968 and 1969. However, information gathered during
scuba diver surveys of the reefs showed that the sediment veneer over the
bedrock was commonly absent. Based on this observation it is likely that
sedimentation is virtually nil. Since sedimentation is negligible in this
particular nearshore area, sediment resuspension is assumed to be equal to
the sediment deposited in the collection devices. This approach was used to
estimate the rate and amOunt of resuspension of a portion of the western
basin, i.e. from the Maumee Bay eastward through the island area to the central
basin. Water depth is less than 7.6 m (25 ft) and the area is approximately
600 kmz. Considering a mean deposition rate of 1.0 mm per day for the 3—year
period, and a mean water depth of 4 m, resuspension quantity wouldamount to
6.0 x 105 metric tons sediment per day. This is equivalent to 1.0 x 103
metric tons/ka-day. Deposition observations have been made on an average of
130 days for a 3—year period.
The wind—induced resuspensionat the mouth of the Genesee River near
Rochester was investigated by the Great Lakes Laboratory, SUNY College of
Buffalo (GLL, 1976) after two wind events. The prevailing winds during the
windstorms immediately prior to sampling were westerly (northwest and south-
west). Sampling was done through the water column in three areas--resuspended,
transition, and non—resuspended‘rup to a depth of l m above the lake bottom.
Various parameters were determined including suspended solids (Table 23). The
in-lake loadings of suspended solids were 29 to 31 metric tons, respectively,
for the two wind events. Since these values were obtained during two single
wind events they could be a3sumed to be the amount resuspended per day. Daily
unit area loadings were 7.8 to 9.0 metric tons/kmz—day. These estimated values
do not include the transition area. If that area is included, the loadings
would become 58 to 63 metric tons/day or 11 to 13 metric tons/ka-day.
It is evident from the investigations described above that sediment
resuspension in nearshore zones could be a significant process in the U.S.
Great Lakes nearshore area. A comparison between observed data and those
predicted by the present study was attempted for three nearshore sites of the
U.S. Great Lakes (Table 24). Predicted values are consistently higher than the
observed amounts although the two setsof data for western Lake Superior and
the Western Basin of Lake Erie are of the same order of magnitude. Some
possible explanations for the discrepancies follow:
(a) Field observations were not taken during events but rather after
the occurrence of an event. Hence, at the sampling time, coarser
particles had already settled out and only the finer sediments
remained in suspension. This may be true for the studies in
western Lake Superior (Sydor, 1975) and the Rochester area (Lake
Ontario (GLL, 1976).
(b) In the study of Lake Erie's Western Basin, coarse particles were
mostly deposited in the collection devices based on particle size
86
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29.6
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.0
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—4.47
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Total o
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OBSERVED AND PREDICTED QUANTITY OF SEDIMENT RESUSPENDED
IN SOME NEARSHORE ZONES OF THE U.S.
GREAT LAKES
LOAD
CATEGORY
WESTERN LAKE SUPERIOR
 
a
OBSERVED PREDICTED
WESTERN BASIN,LAKE ERIE
b
OBSERVED
ROCHESTER
AREA,LAKE
ONTARIO
  
C
PREDICTED
OBSERVED
PREDICTED
Water depth,
m
Load per year,
metric
tons/yr
Load per day,
metric
tons/day
8
8
Unit
area
load
per year,
metric tons/ka—yr
Unit area load per day,
metric tons/ka—day
21
1.56
x
106
%10,000
1
8
55,142
649
d
7.6
18
W20
18
6.0 x 105
58-63
68,489
6,618
1,000
1,556d
11—12
207d
From:
From:
From:
Sydor (1975).
GLL
(1976).
G
I
Q
0
’
8
Table 21).
Herdendorf and Zapotosky (1977).
Obtained by dividing annual resuspension by number of days resuspension occurs in a year (This study,
  
analyses of the trapped sediments (Herdendorf and Zapotosky, 1977).
The small amount of clay deposited indicates that a portion of the
clays were transported to deeper areas of the lake and are thus not
accounted for in the estimate.
(c) In the present study, the effects of lateral movement of bottom
sediments and the issue of winter ice cover are not considered,
resulting in an overestimation of resuspension. The nearshore
zones of the lakes are ice—covered during the mid—winter months,
usually mid-January to mid-March (Phillips and McCulloch, 1972).
Ice cover likely minimizes resuspensionof sediments.
DELINEATION OF SUSCEPTIBLE AREAS
Regional differences in resuspension are evident within each of the
Great Lakes (Figs. 30 through 34). The magnitude of sediment resuspension
is closely related to the frequency of occurrence and intensity of surface
waves. The nearshore zones of each lake have been compared and ranked
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 TABLE 25
RANKING OF U.S. GREAT LAKES NEARSHORE
ZONES BY PREDICTED AMOUNTS OF SEDIMENT
RESUSPENSION AND FREQUENCY OF RESUSPENSION
NEARSHORE ZONES RANKED ACCORDING TOa
 
POTENTIAL QUANTITY OF
RESUSPENDED SEDIMENT
FREQUENCY OF SEDIMENT
RESUSPENSION EVENTS
LAKE SEGMENT
b QUANTITYb,c
(METRIC TONS/KMZLYR)
LAKE SEGMENT
b
FREQUENCYb
(DAYS OF RESUSPENSION/YR)
Lake Ontario
C
11,000
C
63
B
7,000
B
32
A
7,000
A
32
Lake Michigan
F
78,000
F
105
E
75,000
E
97
D
63,000
D
92
A
54,000
A
92
C
30,000
C
51
B
26,000
B
51
Lake Erie
B
68,000
D
50
A
51,000
C
50
C 36,000 B 44
D
36,000
A
38
9O
 
 
 TABLE 25 (CONT.)
NEARSHORE ZONES RANKED ACCORDING TOa
 
POTENTIAL QUANTITY OF FREQUENCY OF SEDIMENT
RESUSPENDED SEDIMENT RESUSPENSION EVENTS
, b c
b QUANTITY , b FREQUENCYb
LAKE SEGMENT (METRIC TONS/KMZ-YR) LAKE SEGMENT (DAYS OF RESUSPENSION/YR)
Lake Huron
 
0 43,000 G 69
G 37,000 A 65
E 34,000 E 55
A 23,000 B 50
B 22,000 0 49
F 20,000 F 44
D 18,000 D 44
Lake Superior
F 97,000 F 98
0 81,000 H 94
D 78,000 0 91
H
62,
000
0
91
0
58,
000
D
88
B 55,000 B 85
E 43,000 E 62
A 19,000 A 38
aN
ea
rs
ho
re
zo
ne
s
ra
nk
ed
in
or
de
r
of
hi
gh
es
t
to
lo
wes
t.
Taken from Figs. 30 through 34.
Qu
an
ti
ti
es
ha
ve
be
en
rO
un
de
d
to
ne
ar
es
t
th
ou
sa
nd
.
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harbors are located on the eastern and southern shorelines of Lake Michigan
(Table 26). In addition, the City of Chicago is situated within a zone
(Zone D) of moderately high resuspension potential. The bathymetric features
of Lake Michigan in the Chicago area lend themselves to repeated resuspension
of particulates before the sediments are ultimately moved from the broad
shelf—like nearshore zone to deeper water. The likelihood that the sediments
near a major metropolitan area are enriched with pollutants and nutrients is
quite high.
Coupled with hydrodynamic and bathymetric considerations, it is
probable that this zone (segment D, Fig. 31) is important with respect to the
in—lake loading of pollutants in Lake Michigan.
Due to the lack of available hydrodynamic data, Green Bay was not included
in the Lake Michigan study.
However, based on its relatively shallow depth,
and fetch, Green Bay is expected to show considerable sediment resuspension
during ice-free periods.
The ranking of Lake Erie nearshore zones by the potential quantity of
resuspended sediment results
in an order opposite to that generated by ranking
according to resuspension frequency
(Table 25).
Higher amounts
of sediment
may potentially be resuspended in the west and west central segments
(segments
B and A, Fig.
33) than in the east and east central regions
(segment C and D,
Fig. 33) despite the fact that the wave orbital velocity threshold values for
sediment movement
(i.e. resuspension frequency)
are exceeded more often in the
two eastern zones than in the two western zones.
This is a result of a
correction factor introduced into the resuspension quantity calculations for
western Lake Erie as outlined under Methodology.
Sediments in the nearshore
zones of all the lakes are classified as sandy while the grain sizes of sedi-
ments in western Lake Erie are much finer.
Finer sediments are more easily
resuspended and
the calculations
reflect
this
fact.
Based
on potential
quantities of resuspended sediment,
and bathymetry (the entire Western Basin
is
shallower
than
18 meters
and
thus
is
considered
all nearshore
zone
based
on our
criteria),
as well
as
the reported
high pollutant
levels
in these
sediments (U.S. Army Corps of Engineers,
1969; Kemp
et al.,
1976), western
Lake Erie is a highly susceptible area for sediment resuspension.
Furthermore,
these sediments are potentially significant sources of pollutants that may
contribute
to
the
degradation of
water
quality
(Table 26).
A moderate
correlation
exists
between
sediment
quantity and
ranking
of
resuspension frequency
for Lake
Huron
nearshore
areas.
It
is evident
from
the
data
(Table
25)
that
Saginaw
Bay and
the
St.
Clair
River
zones
(segments
E and
C,
Fig.
32)
are
susceptible
areas
based
on
either
ranking
scheme.
Nearly
twice
the
amount
of
sediment
may
potentially
be
resuspended
in
these
zones
compared
with
four
out
of
five
of
the
remaining
Lake
Huron
nearshore
zones.
Resuspension
events are
expected
to
be more
common
in
these
zones
than
in four
out
of
five
of
the remaining
nearshore
zones,
as well,
but
the differences
in
resuspension
frequencies
are
less
striking.
Based
on
both
the
potential
quantities
of
resuspended
sediment
and
resuspension
frequency
data
it
is
possible
to
designate
these
zones
as
the most
highly
susceptible
areas
for
sediment
resuspension
in
Lake
Huron.
Additionally,
Saginaw
Bay
is
likely
to
be
the
most
important
area
from
the
standpoint
of
water
quality
effects.
The
Bay
is
quite shallow
and
the proximity
of
industrial
and chemical
operations
has
resulted
in
considerable
pollution
of
the
nearshore
sediments
(Table
26).
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 TABLE 26
NEARSHORE AREAS WITH POLLUTED BOTTOM SEDIMENTS
(U.S. GREAT LAKES SHORELINE)
LAKE SEGMENT
SPECIFIC LOCATIONS TYPE OF POLLUTANT
Lake Superior (ULRG, 1976)
A.
Nor
th
Sil
ver
Bay
Asb
est
os
fib
ers
B.
Dul
uth
-Su
per
ior
Dul
uth
—Su
per
ior
Har
bor
Org
ani
cs
C.
Wes
t
Ont
ano
gan
Har
bor
Org
ani
cs,
N,
COD
F.
Eas
t
Cen
tra
l
Mun
isi
ng
Har
bor
Zn,
Pb,
Cu,
Pht
hal
ate
s,
N, COD, Oil and Grease
Lak
e M
ich
iga
n
(U.
S.-
ACE
, l
969
;a
Lel
and
and
Shu
kla
, 1
976
)
B.
No
rt
hw
es
t
Ha
rb
or
s
of
Gr
ee
n
Bay
,
Ke
wa
un
ee
,
Me
no
mi
ne
e
and Sheboygan
C.
So
ut
hw
es
t
Ha
rb
or
s
of
Mi
lw
au
ke
e,
Ke
no
sh
a,
an
d
Waukegan
D.
So
ut
h
Ha
rb
or
s
of
Ca
lu
me
t,
In
di
an
a,
Mi
ch
ig
an
Ci
ty
’
Nu
tr
ie
nt
s,
me
ta
ls
,
CO
D,
an
d
Ne
w
Bu
ff
al
o
Oi
l
an
d
Gr
ea
se
E.
So
ut
he
as
t
Ha
rb
or
s
of
So
ut
h
Ha
ve
,
St
.
Jo
se
ph
,
an
d
Holland
F.
No
rt
he
as
t
Fr
an
kf
or
t
Ha
rb
or
La
ke
Hu
ro
n
(T
he
me
s,
et
.a
l.
,
19
73
;
UL
RG
,
19
76
)
B.
No
rt
h
Ce
nt
ra
l
Ch
eb
oy
ga
n
Ha
rb
or
,
Al
pe
na
Ha
rb
or
Zn
,
DD
T,
Oi
l
an
d
Gr
ea
se
E.
Sa
gi
na
w
Ba
y
Sa
gi
na
w
Ba
y
HS
.
Zn
,
Pb
:
Ph
th
al
at
es
.
N, COD
F.
Sc
ut
h
Ha
rb
or
Be
ac
h,
Le
xi
ng
to
n
Ha
rb
or
Zn
,
Fe
,
Cr
,
PC
Bs
,
Oi
l
and Grease
L
a
k
e
Er
ie
(U
.S
.—
AC
E,
1
9
6
9
;
“
Ke
mp
et
31
.,
19
76
)
A.
We
st
We
st
er
n
Ba
si
n
Hg
,
Pb
,
Zn
,
Cd
,
Cu
,
B.
W
e
s
t
C
e
n
t
r
a
l
W
e
s
t
e
r
n
B
a
s
i
n
O
r
g
a
n
i
c
s
,
C,
N,
P
C.
Ea
st
Ce
nt
ra
l
Ha
rb
or
s
of
Cl
ev
el
an
d,
As
ht
ab
ul
a.
Fa
ir
po
rt
,
Nu
tr
ie
nt
s,
Me
ta
ls
,
CO
D,
L°
ra
in
,
Oi
ls
an
d
Gr
ea
se
D.
E
a
s
t
H
a
r
b
o
r
s
o
f
B
u
f
f
a
l
o
,
E
r
i
e
a
n
d
C
o
n
n
e
a
u
t
a
L
a
k
e
O
n
t
a
r
i
o
(
U
.
S
.
-
A
C
E
,
1
9
6
9
)
8.
C
e
n
t
r
a
l
Ro
ch
es
te
r
Ha
rb
or
Nu
tr
ie
nt
s,
Me
ta
ls
,
CO
D,
C.
Ea
st
Os
we
go
Ha
rb
or
Oi
ls
an
d
Gr
ea
se
a
U
.
S
.
—
A
r
m
y
C
o
r
p
s
o
f
E
n
g
i
n
e
e
r
s
(
1
9
6
9
)
c
i
t
e
d
i
n
G
L
B
C
(
1
9
7
6
)
.
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 Inf
orm
ati
on
on
sed
ime
nt
pol
lut
ant
lev
els
for
the
St.
Cla
ir
Riv
er
zon
e i
s n
ot
avai
labl
e bu
t ba
sed
on h
ydro
dyna
mic
cons
ider
atio
ns,
this
area
shou
ld a
lso
be
considered a potentially critical area.
Both the north and central nearshore zones of Lake Huron (segments A and
C, Fig. 32) occupy a somewhat anomolous position when resuspension quantity
and resuspension frequency ranking data are compared. The potential quantity
of resuspended sediment for segment C is the highest of all Lake Huron near-
shore zones. On the other hand, resuspension events arepredicted to occur
less often in segment C than in four of six of the remaining nearshore zones.
The reverse situation is seen when segment A data are examined. Potential
resuspended quantityfor this zone indicates no increased susceptibilities as
compared with other nearshore zones. Resuspension frequency ranking, however,
indicates that resuspension events may occur in this zone more frequently
than five out of six of the remaining nearshore zones.
The data for these segments (A and C, Fig. 32) raise an important issue
which this study is unable to resolve. "What is the relative importance of
sediment resuspension quantity vs. sediment resuspension frequency for water
quality effects in the Great Lakes?" Considerable research on this issue is
critically needed. Pending the results of such investigations, it is only
possible to say that thenorth and central nearshore zones of Lake Huron are
"possible" susceptible areas for sediment resuspension.
Based on the ranking of nearshore areas for Lake Superior (Table 25) the
following pattern emerges. The east central zone (segment F, Fig. 30) is the
most susceptible area for sediment resuspension as judged by either ranking
system. The Duluth—Superior, Keweenaw and north zones (segments B, E, and A,
Fig. 30) are the least susceptible when similarily judged. Ranking of the
four remaining nearshore zones (i.e. east, west central, Whitefish Bay, and
west——segments G, D, H, C, Fig. 30) results in an unclear pattern. The
poSition of a given nearshore zone depends on which ranking system is used.
However, the resuspension frequency values (Table 25) differ by less than 10%
among the four zones. It was felt that in view of the tentative nature of our
computed estimates, a difference of 10% among these nearshore zones was not
adequate to discriminate among zones. However, on the basis of resuspension
quantity data, it is possible to divide the Lake Superior nearshore zones into
three general groups reflecting the following: susceptible areas, possible
susceptible areas, and less susceptible areas. This approach results in the
designation of the east central, east, and west central zones as susceptible
nearshore areas. Possible susceptible zones include the west, Duluth—Superior,
and Whitefish Bay zones while the remaining two nearshore zones (north and
Keweenaw Bay) are unlikely to be susceptible to large amounts of sediment
resuspension.
It is important to note once again that the delineation of critical or
susceptible nearshore zones has been accomplished solely on hydrodynamic
grounds. For at least two reasons, one must be careful in extrapolating the
data developed in this report beyond their intended purpose. First, the data
presented have been derived from qualitative visual estimates of wave para—
meters and the calculation procedure included several simplifications and
assumptions. Secondly, nearshore areas of the Great Lakes may be important
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from a sediment resuspension—water quality standpoint even though they may not
be "hot spots" or "susceptible" areas based on hydrodynamic calculations. A
good example of this potential problem exists for Lake Superior. Despite the
fact that segments B and A (Duluth—Superior and North) are designated as
"less susceptible" areas for sediment resuspension, an important effect on
water quality may take place when sediment resuspension occurs in these areas.
The Duluth—Superior nearshore area includes not only the heavily polluted
Duluth-Superior harbor, but also a large portion of the so—called "red clay"
region in Lake Superior. This region is believed to contribute a major
portion of the turbidity seen in the western area of Lake Superior (Sydor,
1975). The nearshore zone A (North zone) includes the Silver Bay area where
large amounts of taconite tailings have been discharged over the last 20 years
(Glass et al., 1977). The resupension of asbestos fibers from these tailings
may lead to environmental or human health hazards.
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e o
f s
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pre
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a l
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-re
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a b
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l b
e d
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re
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e
ov
er
ly
in
g
wa
te
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e
re
le
as
e
or
up
ta
ke
of
ma
te
ri
al
s
fr
om
an
d
by
se
di
me
nt
s
du
ri
ng
‘d
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 (Gah
ler,
1969
; L
ee,
1970
).
Thi
s i
mpl
ies
tha
t a
ny
phy
sic
al
pro
ces
s th
at
dist
urbs
or r
esus
pend
s se
dime
nts,
e.g.
, wa
ve a
ctio
n,
tend
s to
prom
ote
rapi
d
rele
ase
of p
ollu
tant
s.
Howe
ver,
no g
ener
al a
gree
ment
exis
ts w
heth
er p
ollu
tant
release during dredging and disposal of spoils is significant (Lee and Plumb,
1974
; Le
e et
a1.,
1975
).
A nu
mber
of c
hemi
cal
mech
anis
ms m
ay o
ccur
simu
l—
taneously which limit the effects of pollutant release on water quality.
For example, precipitation and readsorption of the released contaminants
followed by settling of the resuspended sediment may carry the pollutants
back to the bottom. The contact time between the resuspended sediment and
overlying water, i.e., the duration of resuspension,cou1d partly modify the
exchange process.
The most visible physical effect of resuspension is increased turbidity
in lake water. Excessive turbidity, besides reducing aestheticacceptability,
can damage aquatic ecosystems by reducing light penetration, clogging gills
of fish and mussels and disturbing benthic community habitats (Cairns, 1968;
May, 1973). High turbidity concentrations at water intakes can also present
problems to communities using lake water for domestic purposes (Sydor, 1975).
The availability of nutrients and pollutants from resuspended sediment
is important to consider in evaluating the impact of sediment resuspension
on water quality. However, investigation of this aspect receives little
attention. Armstrong et a1. (1978) have studied the availability of
pollutants associated with suspended sediments using resin and chemical
extractions. These suspended sediments were collected from five rivers that
are tributary to the Great Lakes. Preliminary results indicate a wide
variation in the availability of phosphorus and some trace metals in terms of
particle size and locations. Values obtained by extraction may or may not
represent the amounts taken up by aquatic biota. Obviously, there is a need
to correlate extraction values with uptake by aquatic biota.
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 APPENDIX 2
ORBITAL VELOCITIES FOR A
WATER DEPTH OF 18.3 M (60 FT)
 
WAVE ORBITAL VELOCITIES (CM/SEC) FOR WAVE PERIODS IN SEC
HEIGHT,
FT 3 5 6 7 8 9 10
1 0.0 0.5 2.0 3.7 5.2 6.2 7.0 7.7
2 0.0 0.1 3.9 7.6 10.4 12.5 14.2 15.5
3 0.1 1.4 5.9 11.3 15.6 18.8 21.2 23.2
4 0.1 1.9 7.9 15.1 20.8 25.0 28.2 30.9
5 0.1 2.4 9.8 18.8 26.0 31.3 35.4 38.6
6 0.1 2.9 11.7 22.6 31.3 37.6 42.4 46.4
7 0.1 3.4 13.7 26.4 36.5 43.8 49.5 54.1
8 0.1 3.8 15.7 30.1 41.7 50.1 56.6 61.8
9 0.2 4.3 17.7 34.0 46.9 56.4 63.6 69.6
10 0.2 4.8 19.6 37.7 52.1 62.7 70.7 77.3
11 0.2 5.3 21.6 41.4 57.3 68.9 77.8 85.0
12 0.2 5.8 23.6 45.3 62.5 75.1 84.8 92.7
13 0.2 6.2 25.6 49.0 67.7 81.4 91.9 100.5
14 0.3 6.7 27.4 52.8 72.9 87.6 99.0 108.2
15 0.3 7.2 29.4 56.6 78.1 94.0 106.1 115.9
16 0.3 7.7 31.4 60.3 83.4 100.2 113.1 123.7
17 0.3 8.2 33.4 64.0 88.6 106.5 120.2 131.3
18 0.3 8.6 35.3 67.8 93.8 112.7 127.3 139.1
19 0.3 9.1 37.3 71.7 99.0 119.0 134.3 146.8
20 0.4 9.6 39.3 75.4 104.2 125.2 141.4 154.6
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APPENDIX 3
ORBITAL VELOCITIES FOR A
WATER DEPTH OF 4.6 M (15 FT)
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 WATER DEPTH OF 9.1 M (30 FT)
APPENDIX 4
ORBITAL VELOCITIES FOR A
ORBITAL VELOCITIES (CM/SEC) FOR WAVE PERIODS IN SEC
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 APPENDIX 5
ORBITAL VELOCITIES FOR A
WATER DEPTH OF 36.6 M (120 FT)
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APPENDIX 7
COMPUTED RESUSPENSION RATES
  
1 0 2 3 0 5 6
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*Column
1 is
orbital
velocity
in
cm/sec;
column
2 is
dimensionless
friction
drag;
column
3
is
shear
stress
(T)
in
dynes/cmz;
columns
4,
5
and
6
are
entrainment
(resuspension)
rates
in
mg/cmZ/sec,
kg/kmz/day,
and
metric
ton/ka/day,
respectively.
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